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SUMMARY 
The growth of protein crystals is known to be the limiting factor 
in the determination of the  three-dimensional s t r u c t u r e s  of 111ost 
proteins. I t  is expected that  the kinetics of supersaturat ion.  which is 
directly ;elated to solvent evaporation, will affect protein c r ~ . s t a l  
grolt-th and  nucleation and  accordingly determine the quality, number.  
size and  r~orphology of the crystals. With a technique tha t  controli; 
the e\.ap;!ration of solvent from a protein solution lvith N2 ( g )  i t  is 
possible rs determine the effect of different e\laporation profiles on 
her; egg Y.-5:ce lysozyme crystals. Hen egg n-hite li-soz~rnle ivas chost ' r l  
as rhe m:,tl protein because it crystallizes easily and  h a s  sol~:biIir>. 
data  a\-ai:z32le for most salt ,  pH and temperature ranges. Com1ner-ci111>- 
a\-ailable 1)-sozvme w a s  fur ther  purified b!- a n u m b e r  of 111ethod.;. 
Cn-st2ls g r n - n  n-ith the purified I!-sozynle and  n-ith the ~ l n p ~ : s l i ~ e d  
l!-.;oz\me ;:: citrate buffer were different shapes  b u t  \yere found co b e  
oi  the sar:? s m m e t r y  space group by precession photos. 
Dii:err.nces xvere seen in the lysoz>-rrle cq - s t a l s  groivn [is::>- 
ciffc.rt.:lt ?-::poration rates.  At three of the four initial condition.; ;",-i:- 
1 :r\-stal growth longer c\-nporatio11 t imes >.icldcd be::.::- 
-- 3 
s .  - n e  e~-apora t ion  ti11it.s rcquired to see 11 change 111 1l:c 
appeLtra1:;c. of the crystals was much longer t h a n  espected.  The 
1:u::lbzr i f  rates studied so far rcprcscnt 01111. :I snla11 ir-action of : h e  
0 1 1 ~ 5  I lO\ i .  .:.\-ailable with the g r ~ s  exraporation de\,ice. 'She tec111lic;~ic'. 
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also pro\-ides for control of both solution pH and temperature which 
are related to the solubilities of proteins. 
CHAPTER I 
BACKGROUND 
Introduction 
While the function of biological macromolecules is dcternli~iccl 
their molecxlar structure,  the determination of the three-dinlensiorlal 
structure oi these molecules by X-ray analysis relies on tile :ivr~i!:il~ilit\r 
of high qu2lity protein crystals. The use of cg-s ta l s  in struc'tural 
biolo&\- go25 back to 1934, when the firs: X-ray diffractiorl pattt>rn 0:' a 
protein CF-stal was produced [ I ] .  Since then. tremendous procrcss 
h a s  been ::lade in every a rea  of X-ray c ~ s t a l l o g r a p h > -  except for 
c~stal1iza: icn.  It is the difficult>- in producing hi211 qu:ility priltvin 
c n s t a l s  I..-h:ch is now delaj-ing s t ructural  deternliriations o f  inclst 
proteins. 15hile s t ructure determination can be done in sei-era1 iveelis 
to a fey,- ~:-.;;;ths, the production of suitable crystals 1:ns rc~llai~itlil :In 
enipiric~il  r r o c e s s  a n d  is .  therefore,  t ime inte11sii.c. I < L ~ ~ i o ~ l : ~ l  
; ~ p p r o n c l ~ r ; ~  to protein c r y s t a l l i z a t i o ~ ~  a r e  ~~ccclcc! ro f ~ ~ l ! . i ! !  i : i \* 
incrsasi~ig xsed for three-di~nensio~lal  kno\vlcdge of proreins. iluc.lCic. 
acids and ~:~ultimolecular assemblies. This need h a s  bee11 i n ~ i - ~ : i s i ~ l g  
oi-cr rcct'I-.; !-ears \vith the ad\.ent of techniques s~lc.11 :IS .;it c. t i i r - ~ . c , r  c.cl 
~nutager l r s i s  [21 and  rational drug design 131. 'The I\-ork r.cporr~lcl in 
tliis tI::>s:+ has bee11 c:irried out ivith tile i ~ ~ t c r i t i o r ~  01' I ) I - L > : I ~ < : : I <  : ! i c b  
"bottle neck" of X-ray analysis by providing both better techniques for 
obtaining protein crystals as well a s  a n  increased understanding of the 
mechanism of protein crystallization. 
X-ray Difhction Methods 
Protein crystal lography plays a n  impor tan t  role in the  
unders tanding of specific functions of biological molecules b ~ .  
p ro~ id ing  the three-dimensional s tructures of the molecules. The 
entire process relies on crystals of high enough order to diffract 
monochromatic light producing a diffraction pattern. The electso11 
density in the crystal is calculated by Fourier Transformation of the 
diffraction pattern. This requires information of the intensities and 
directions of the diffracted rays lvhich are measured on photographic 
film or, a s  in the case of proteins, on a n  area sensitive detector. 
Determination of the relative phase of each ray is the most chr~llcnging 
task .  One solution for phase determination is isonlorphous 
replacenlenr [4] where a hea\?- atom is placed within the cr?-st;ll 
Lvithout disturbing its packing. The phases of the diffracted ra!.s arc 
determined by their changes in intensity with the addition of the 
heal?; atom. Phase determination is another area that would benefit 
.- 
".;SL'S. fro111 an  increased understanding of protein crystal groivth procc-. 
I t  is not uncommon for heavy atom derivatives of proteins to rcsist 
cn~s ta l l i z ;~r ion  with traditional methods.  Since i s o n ~ o r p l ~ o u s  
replacement is the primary technique for phase determination, this is 
a major stumbling block to s tructure determination. However, a s  
unders tanding of the  mechanisms involved in crystal  growth 
increases. so  will the ability to obtain crystals of heavy at0111 
derivatit-es. 
Once the  phase  a n d  ampli tude of each  diffracted ray are  
determined. the electron density of the protein may be calculated. 
The secondary structure is obtained by matching the density n i th  the 
amino acld residues of the primary structure. The structure is then 
refined b>- conlputer methods. Knowledge of the structure of 3 protein 
can then be used to provide information about its biological f~ lnc t io~ l .  
Required Properties of Protein Crystals 
The first requirement of protein crystals for X-ray diffrr'lction 
anal>-sis is the need for single crystals and not multiple groivths. 
These si:-.gie crystals should measure a t  least 0.3 n i~ l l  in each 
dimens~c?:;. This size restraint results from a co~npro~l l i sc  betivcon 
~naxinl:~::: <iffraction intensity and minimum crystal ;~l)sorptio~l for 
copper I<: radiation. The diffraction intensity is proportional to 13e-ul. 
where 1 is the linear dimension of the crystal and  u the  linear 
absorp;i;:: coefficient. The degree of order in the c ~ s t a l  sho~l ld  bc as 
high a s  p~ss ib le :  the crystal should a t  least produce diffraction to 3 ~ i  
1 - s o 1 1 ~  A high degree of order is thought to be related to I~otll  
mechanical and chemical stability a s  well a s  low solvent content [ 5 ] .  It 
is also important for the protein to be present in the  crystal in its 
native state.  Since there are only a few contacts made betu7een 
protein nlolecules within the crystal, the  proteins a re  mainly 
surrounded by solvent. Matthews [6] has  compiled data on sol\.ent 
content of protein crystals and has estimated that,  on average, 50?b of 
the unit cell is solvent. Normally, protein crystals are thought to ranqe 
from 20%-70% solvent with some extreme cases even higher 171 [S]. 
The sol~,ent in the crystal alloivs the protein molecules to remain in 
their nati\-s state. Evidence that molecules do remain in their 11,'ttii-e 
state arises from activity measurements on crystallized enzymes, and  
cornpanson of protein structures from different media [9] [ 101. 
The q u ~ J i ~  of protein crystals can be evaluated in a number of nTa.>-s. 
A qualitatii-e analysis can be made by viewing the crystals under 
magnif ica~on.  The number. size and morphology of the crystals can 
be import?.nt indicators of the crystal quality. The appearance of 
inclusions. i:-nperfections and clusters are sometimes characteristic of 
crystals w-:::-i low internal order. A more thorough analysis of the 
cnrstal  or??: is the nleasurernent of diffraction resolution. This 
proiides s=:::e indication of the internal order of the crystals but car1 
be high1~- s::bjectiire and is often dependent on crystal orientation. 
The most comprehensi\re analvsis is to compare three-dimensional 
intensit!- 2:ta sets .  These types of analyses rely 011 prexrious 
k n o ~ v l e d ~ ~  c:' the structure of rhe protein and require the use of 211 
area derec::: for d:~trl collectiorl. Since this type of analysis is quite 
detailed only a few investigations of crystal  qual i ty  have  b e e n  
completed [ l  11 
Theoretical Principles 
Current  theories of macromolecular crystal growth generally divide 
the  process into three steps: nucleation. post-nucleation growth. and  
cessa t ion  of g rowth[ l2 ] .  These  three  processes  a r e  descr ibed 
energetically in Figure 1 [13] and are discussed in detail below. 
Nucleation 
T h e r e  a r e  two types  of nuc lea t ion :  h o m o g e n e o u s  a n d  
heterogeneous. Homogeneous nucleation occurs  in  the  absence  of 
foreign particles as opposed to heterogeneous nucleation lvhich takes 
place or1 the surface of foreign bodies. Both types of nucleation have 
been LI ssial  in protein cqstal1ograph~-.  
Homogeneous Nucleation. Fro111 an entropy point of \.ie\v i t  is 
unfli\-s~:~blc. for d i ~ o r d e r ~ d  ~ ~ l o l c c ~ u l e s  to aggregate into ordcred 
c m s ~ ~ l s .  However, Inany fa\.orable bonds are  made within the  c n s t a l  
to co~interclct the entropy effect. Before these contacts a re  made it is  
e~~er~c.:ic.::!lJ- unfrivor~~ble for the ~ l i o l ~ c u l c s  to ctggrcgate (I'igure 1 ) .  'I'o 
o\.crci?nle th is  energy barrier,  solution conditions rtrc ac l - j~~s tcd  to
s~ip i , ; - s . ;~r ; r ,~ t ion  so tllat protein 1 r lo l t~c~ i1~ ' s  forced to  t'o1-111 
OEiGjr<L,":f:e PF';.SE 
OF POOR QUAI-iTY 
Figure 1. Schematic Representation of the energetics of cq-stc?llization 
and of amorphous precipitation. 
6 
aggregates. Basically, a t  supersaturated conditions there is not enough 
water to maintain hydration or to shield the protein molecules from 
neighboring protein molecules. These aggregates can  then go on to 
form ordered nucleates or disordered amorphous  precipitate. The 
difference in these two s ta tes  can  be approsinlated by addition of  
molecules only a t  end  positions of a l inear cha in  ( a ~ i i o r p h o u s  
condit ions)  o r  the  addition of molecules in three  d imens ions  
(cr\..stallization conditions). If  the aggregation occurs too rapidly. a11 
amorphous precipitate will often form. This is undesirable. a s  c q s t a l s  
generally do not  arise out  of this s ta te .  In some cases .  h o i v e ~ - ~ r .  
cn-scals n-ill form along uith precipitate or form after the prccipitnte it' 
the energ\- barrier between the nvo forms is 101s- enough. 
Once nuclei are formed the!- s e n e  a s  the base for addition of Inore 
single protein molecules, or nlonomers [ 141 [ 151. These Inononners 
continue to attach to the crystal until a n  equilibrium has been reached 
betu-een rhe liquid a n d  solid phases.  A more recent theory [16] 
s u g s e s t s  t h a t  t he  protein monomers  form nuc lea t  r s  \\-hc.n 
concentrated enough,  and  these nucleates conlbine to forni larger 
p u t 1  Esperi~nental  ei-iderlce has  been shoxvn to 5:ipport 110th of' 
these theories, so it is possible that both processes nl,i?- be occurr- in^ 
sinl~~ltaneously.  
Heterogeneous Nucleation. In the c x e  of hcterogc~;~.a~~. ;  i~ic,lc:~tc.s. 
a c n - ~ r ~ ~ l  i5 introduced into :I supersr1tiirnt~t1j s o l ~ ~ t i ~ l : ~  ot' I S C ~ ( ~ O I I ( I  
c o ~ ~ ; ; ~ ~ ~ : : ~ ~ L i .  At  :I critic:11 l c ~ ~ e l  of s i i ~ ~ c ~ - s : ~ t ~ ~ r ; ~ : ~ o ~ ~ .  s i ~ . i i ' i ~ ~ ~ ~ i ~ l ~ ~  I O \ - C > I -  
t han  that  required for homogeneous nucleation, crystals of the  second 
compound will nucleate a n d  grow from crystal faces of the  added 
crystal. The promotion of nucleation of the second compound is duc  
to physical and/or  chemical interactions between the t\vo compo\~ncls.  
It is presumed tha t  the second compound is concentrated o11 t l i t ,  
added CA-stal perhaps by absorption. Heterogeneous nucleation Ilas 
been used t o  grow crystals of se~reral proteins [17] 1181 [19]. -I71l~~-r is 
one  adlvantage to heterogeneous nucleat ion o17er honlogcrlc~o~~.;  
nucleation. Growth of crystals from high levels of supersatur;ition tc11cl 
to producs crystals with defects. The ideal conditiorls for c~-o\ \ . t I~ : i 1 - ~ .  
a t  a mucl- l ~ ~ v e r  supersaturation level than the condi!!ons rc~c!uil-c~c! 1;):- 
hornogenzz.:~ nucleation. Heterogeneous n ~ ~ c l e a t i o n  ;?!!o;.-s QI-o;i.tll : ~ t  :i 
m u c h  1ov.-sr supersa tura t ion  level thereby yielding higher rl~l::li t i-  
- - 
crystals. cawever, heterogeneous nucleation often !-ields c17-s tril.; of' 
undes i r ak :~  space groups. 
Post-Nucleation Growth 
The s;;::ld s tep in thc cr!-s~al l iz ; i~io~~ 111-ocess i ?  ~ ; i ~ s t - ; ~ ~ : c ~ l i ~ , i : i o ~ ~  
-. grov,-I I-. . ::ere a re  tii-o ~ 1 3 5 ~ 3  ii: tlic groivtll I I : ' ~ ~ ~  ;si. ( ! I : I ) ( .  
t ranspdr;  ::' ~llater ia l  to the grou-iilg crj-stal ~ u r i , : , ~ , i >  a11d (21 i I 1 ~ '  
associatici- of the molecules lr-ith the ordered c q s t a l  lattice. 'fhe 
groii-rh r;::c' of the cryst l~l  is bt>lieved to bc li~ilitrcl ?:\- 1 ) o i i :  o f  [ i : ~ x s c -  
processes :c is desirable to sloiv the first stage s o  rl1,lr ~ i l o l c ~ c ~ u l c ~ ~  at-c1 
: l ( id~~ci  ::-.? l:~ttic>c : ~ t  ;I sloix: I - L ~ ; < >  r t : s : : ! l i~~~ i )  :I 11i211~~: ~ . : ~ l t ~ : - ~ ~ ~ i  i ' i - l . - . ; ~ ?  
This  is  difficult s ince nucleation, t h e  first s t ep ,  requires a high 
supersaturation level. A high degree of supersaturation usually leads to 
numerous small crystals. Crystals tha t  grow too fast usually reach a 
smaller terminal size, presunlably because of s t ruc tura l  defects tha t  
halve been incorporated into the lattice [20].  In order to obtain large. 
single cr\-stals, the level of supersaturation m u s t  be kept low. so that  
molecules zre not forced into the crystalline lattice in a disordrred 
fashion. 
Cessation of Growth 
The fir.:: step in the protein cn.stallization process is the cessnrion 
of gro~i-th. -U-ter a long time intenral, crystals will cease to gron-. e\-cn 
if the lev?: i7f supersaturation is increased. This phenomenon is not 
conlpletell- understood. It is possible tha t  some change in the c r ~ s t a l  
surface c2:ses further growth to be unfavorable. This could be 'due to 
the  accu::::!lation of surface defects resu l t ing  fro111 i~npropcl-I!. 
oriented ;r?tein inolecules or incorporation of impurit ies n-hicll d o  
I:~: 1 1 t i  1 Iic<nrcilt~ss, cnrstals seenn to reach 3 rc1-1ni11a1 
size blisec :n esperi~nental cor~ditions. 
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Crvstallization is generally achieved by forcing protein molcculcs 
ou t  of solution with slow approaches to insolubility. This is carricti o ~ i t  
by adjusting one or more of several solution paranleters.  'I'hc Iliosr 
common have been ionic s t rength (salts)  (211 [22] [ 2 3 ] ,  dielectric 
cons tant  (polyethylene glycol (PEG), and  orgarlic solvents) [21]. p l i  
1251, counter ions [26]  [ 27 ] ,  and temperature [28].  A conlprehensii-s 
list of the factors which effect protein crystals is shown in T ~ i t ~ l c  I 
(291. Sir-.ce proteins denature under mildly hostile conditions tile onli- 
conditior:~ tha t  can support  cn-stal  gron-th '<re those that  c:i~l.;t. 11 
perturbaricn of the molecule's properties. Thus .  protein c n - s r : ? ! ~  :irt. 
grown f:a:n solut ions t h a t  main ta in  a t ~ l e r a b l e  railgc. o!. pl3, 
ternperat,:?. and ionic strength. 
The ccncentrations of the macromolecule a n d  precipitant are  the 
most i m ~ c r r a n t  factors affecting crystallization. These le\.cls nlyis: 1 1 ~  
chosen 5:  :hat cn-stal l izat io~~ is achieved. E~lighlq- cor~c~il t r -atcd ~I-L: :CI: :  
s o l u t i o ~ ~ ;  :d-100 n~g/niL)  are ~ ~ . ; c d .  The proteins should l ~ c )  :I.; pui-.. :I; 
possible :: elin:in:~tc i ~ ~ t c r f c r i ~ l g  e 'l'ects fro111 c o n t ; i ~ i i i ~ l ; i ~ ~ ~ ~ .  ';-!I.: 
purit>- of ;rotein sanlples has  been studied and the eltcct of irnpur-itics 
on  c n s t z l  quality has  been quantified [30] .  The most serious effect of 
i~llpuritit-5 : s  loss in rcproducit~ility fro~r: onc  cryst .all izatio~~ l ) , l r c - : :  r 
another .  Since several crystr~ls of the same space  qroup lire ct ' tc~: 
Table 1. Variables Influencing Macromolecule Crystallization 
Concentration of precipitant 
Concentration of macromolecule 
Temperature 
PH 
Pressure 
Level of reducing agent or oxidant 
Substrates. coenzymes, and ligands 
Purity of protein or nucleic acid 
Preparation and storage of macron~olecule 
Proteolysis and fragmentation 
Age of nlacromolecule 
Degree of denaturation 
Vibration and sound 
Volunle of c~sta l l iza t ion sample 
Metal ions 
Seeding 
Amorphous precipitate 
Buffers 
Cleanliness 
Organism or species from which macromolecule 
\\-as isolated 
Gravity. gradients, <and convection 
needed to ga ther  a complete d a t a  s e t  t he  inability to reproduce 
crystals under  the  same conditions is limiting. 
Temperature is another  important  factor s ince the  solubility of 
proteins varies with temperature.  Most proteins have a solubility 
minimum a t  low tempera tures  while o thers  exhibit  a solul~i l i ty  
maximum at low temperatures.  Extreme deviations in temperature 
can  cause  a protein to denature or form a n  amorphous  precipitate. 
Unfortunately, temperature 3s a n  adjustable paranle ter is frequently 
ignored as a n  important 1-ariable and  is most likely responsible for 
m u c h  of t h e  unrel iabi l i r -  associated with protein crystal  g r o ~ \ - t h .  
Hou-ever, temperature can be used a s  a crystallization nlethod, usuallJr 
by slosvlv cooling a saturated solution to produce 11 supersutu~-aic1c-l 
solution [3 11 [32 ] .  
The na ture  of the precipitant can greatly affect the ability to o l ~ t n i ~ i  
crystals. There are three main 1-cirieties of precipitating agents:  salts.  
organic solvents,  a n d  hydrophilic polymers. Sa l t s  (Table 2) [33] 
increase the  ionic s t r e n g ~ h  of :he solution. \vhiCh 0vc1-eases tllc 
solubility of proteins. BJ- sloiv:!- increasing the concentration of the 
precipitant. the protcin is :'t_;;-c.;.,'. olit of soli i t ioi~.  Oi-gai~i(> S ~ ~ \ . L > I I I S  
interact Lvith water ~llolt.<~::~..: .- ::ii dcc.rensc> the. :ll)ilit.v o f  \ v a t v r  r o  
sol\-ate the  protein molecules. Organic sol\-ents (Table 3)  [33 ]  also 
alter the dielectric properties of the solvent. which can  decrease a 
prorein's solubility. II!-~:-I~;:~I:::\. pol \ rn~c~.s  of v:ii-!-i~lr); sizes (1000. 
4000. 6000. and  100001 ~.f::>:i ~ ~ s ~ x c i  t o  c ~ i - y s t ; ~ I l i ~ ~ ~  l ) ro tc~i i~s  [:3%3]. 
~ 1 ~ 1 1 0 ~ 1 ~ 1 ~  the  ; ~ v t ~ i : i l  III~C~:.~:-.~+:: . .  -bvl~icli ~ ~ : i ~ ~ s c ~ s  ( , I - \ . ~ [ : I ~ S  to 1.o1.111 111 
G[pG;;.;;;& pg,,c:z 1s 
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Table 2. Salts Used in Crystallization 
Arnmoniunl or sodium sulfate 
Lithium sulfate 
Lithium chloride 
Sodium or ammonium citrate 
Sodium or potassium phosphate 
Sodium or potassium or ammonium chloride 
Sodium or ammonium acetate 
Magnesium sulfate 
Cetyltrimethyl ammonium salts 
Calcium chloride 
Ammonium nitrate 
Sodium formate 
Table 3. Organic Soli.ents Used in Crystalliz;~tion 
Ethanol 
Isopropanol 
2-Methvl-2.4-pentanediol (MPD) 
~ i o x a n e  
Acetone 
Butanol 
Acetonitrile 
Dimethi-1 sulfoxide 
2.5-I-Iesanediol 
illethanol 
1.3-Propanediol 
1.3-Butyrolactone 
polyethylene glycol mixtures is not well understood, they are thought  
to function by  binding to Xvater, decreasing t h e  solubility of t h e  
protein. They also alter the dielectric properties of the solution. 
Even if suitable conditions are found which will !-ield crystals of a 
desired protein, the quality of those crystals may bc poor d u e  to the 
effects of gravity during the grou-th process. Gravit!- is a n  i~npor t an t  
non-solution factor affecting the quality of protein crystals. Ideally. 
one wishes crystal grou-th to be controlled by diffusion of protcitl to 
the  growth surface. On Earth.  density gradients are  created a s  the 
solution surrounding a groxving cn7sta1 is depleted c.f protein. 12s a 
crystal grows and remox.es solute iron1 solution. the resulting decrease 
in density around the cn-stal  c;:uses a b u o ~ - a ~ ~ t  p1~1;is of less dense 
solution to rise from the growing CA-stal. This solutril con\-cction ~ v a s  
first described by Frankenhein1 [3G] more than  a hu:?clred . e a r s  ago. 
Solutal convection is knoivn to influence Illany cn-s ta l  properties. 
including growth kinetics. impurit!- incorporation, cn-.;[a1 composition 
and  morphology. Schlieren i~n::.<es of gron-ing prott ' i :~ c17-srnls ]la\-c 
proven the presence of a con\-ectii-e plume about the cn-stals [37] (381. 
A mathematical 111odel h:~s bcc.11 I".5\-eloped to descril;? sol\it:il !lo\\- i t 1  
protein crystal grolvth [39]. If'::!:? this is a s t ep  !':r\irarti. tlle I-olc 
played by these hydrod!-narnical effects in the growth of c n s t a l s  from 
solution is better established for snlall molecules t h ~ ~ n  for proteins.  
G r a ~ ~ i t y  can also cause sedinlerlr,i::,>n of cq-strils to  r!:c bortotli of t h r  
T .  solution in which they are grc)..:.-i:lo' >. 1111s (>:I::SL> p ~ - o l ~ l e t ~ ~ s  I ) \ -  
causing crystals to grow into each other or producing fragile crystals 
that break when analyzed. 
One  possible approach  to  minimizing these  f lows and  
sedimentation effects is the use  of the microgravity environment. 
NASA, as well as other agencies [40] [41], is actively investigating 
protein crystal growth in microgravity a s  a way to obtain more ordered 
crystals for use in structure determination [42]. Crystallization of ;/- 
interferon D l ,  porcine e las tase ,  and  isocitrate lyase in the 
microgravity environment has  yielded crystals that are larger, eshibit 
more uniform morphologies and  produce diffraction d a t : ~  to 
significantly higher resolutions than the best crystals of these protcirls 
grown on Earth [43]. 
Crvstallization Methods 
Currently, vapor diffusion methods are the most frequently used 
method for growing protein crystals l-441. The basic. con111onent5 of' 
vapor diffusion crystallization are a drop of protein sol~ltion, cont . :~i~~infi  
protein and precipitating agent, and a larger reservoir, containing onl>- 
precipitating agent. The method relies on the fact that  there is a 
higher concentration of a precipitating agent in a resc17,oir and ,  a s  11 
result. the equilibrium \-apor pressure aI)o\,c the rc>sc~-\ioi~- s lo\i.cr 
than that of the proteirl drop. Since thc ~ \ ~ s t c r l l  is scnlvd,  \\.ntc11- 
evaporates from the drop increasing the concentration of precipitating 
agent and protein until the  drop and reservoir have equal vapor 
pressures of volatile components. The shape of the equilibration cunre 
is  determined by the initial solute concentrations, the difference in 
the equilibrium vapor pressure of the drop and resenroir, temperature 
and  the diffusion path  of the vapor [45]. The conditions of 
supersaturation that result in the protein solute leaving the solution 
phase a a crystalline solid must  be achieved during this equilibrium 
process: however, the optimal conditions for cq-stal nucleation and 
growth Ere most often not attained b>- this method [ A G ] .  Further~nore. 
since ncc:eation takes place at  a supersaturation lei-el which is ~ ~ s u a l l \ -  
much higher than the level required for sustained c n s t a l  gron-th. i t  
would be desirable to lower the supersaturation after nucleation has  
been indcced [47]. 
HaneinP D r o p .  The hanging drop method [-I81 is the 11lost 
frequent!!- employed method for grorving protein cn-stals.  12 drop 
(t?picall~- ;O to 50 pL) containing the protein. buffer, and precipitating 
agenr is hung from a sila~lized glass nlicroscope coverslip o\-?I- 11 
resen-oir s~ lu t i on  in a sealed chamber (sec Ficurc 2 ) .  The rescn.oir 
solution contains the same buffer a s  the protein drop. bu t  the 
precipi t~n:  concentration is higher (typically twice that of the drop). 
This  c:/:'-.rence in precipitant c o n ~ ~ ~ ~ r r : l t i o ~ i  c>:~tlscs \.ol:itilt. 
conlporl:.r::s to diffuse from the drop to thc  rcscn-air s o l u t i o ~ ~ .  
Figure 2. Hanging Drop Chamber. 
This occurs until the vapor pressure is equal in the drop and resenroir. 
Since the volume of the reservoir is large compared to the drop, there 
is little dilution effect in the reservoir due to the water added from 
the drop. The precipitant concentration of the resenroir can be varied 
so that  any final volume in the drop can be achiel-ed. The time 
required for equilibration varies with the factors mentioned above. 
Another important variable which is controlled in a similar manner 
is pH. I f  the pH of the drop is significantly different than the pH of 
the resen.oir, volatile acids and bases uill diffuse from the rescrLroir to 
the drop until the pH of the drop reaches the pH of the resc17,oir. 
Sittine D r o ~ .  The sitting drop method [49] is another frequently 
used procedure for growing protein crystals. The protein drop is 
placed on a platform which sits abo\.e a reservoir solution. The 
chamber 1s sealed with a glass coverslip and is shown i11 Figure 3. The 
concenrr.?r:on procedure is sirnilar to the  hangin? drop illcttiotl \\-it11 
reservoir solution. Volatile components diffuses from the protein drop 
to the more concentrated reservoir solution. Larger amounts  of 
protein solution (up to 100 pL) may be used than with the hanging 
Reservoir 
Figure 3. Sitting Drop Chamber 
drop method. The time for evapo~ation of sitting drops ha s  been 
found to increase with increased drop volume [50 ] .  
Sandwich Drop Method.  A variation to the sitting drop rnethoc-1 
in1.011-es lowering the glass co~.erslip until it touches the top of the 
drop, for::;ing a "sandwich" bet~veen the platform and the col-erslip 
(see Figxre 4). This procedure [51] reduces the exposed surface 
areaof the protein solution, so equilibration between the protein and 
resewoir solutions occurs a t  a slower rate than in other methods. 
This a r rxgemen t  is more suitable for optical viewing a s  the PI-oteirl 
drop is i r ua t ed  between two flat. transparent surfaces. Therc is Iriorc 
contact ~ i t h  surfaces which can lead to multiple'nucleation sites on 
the glass. 
Protein Drop 
Reservoir 
Figure 4. Sandnlch Drop Chamber. 
Liauid /Liauid Diffusion 
Tk.esr ::lethods allo~v prorein and precipitating solutions to conic In 
conIc2.cr .::~th each other. either directly or separated 1 1 ~ 7  3 s cn l l -  
7,3rIi12 - ,,-.-:? :- nnembrane. C~~..;t:~lliz;~tions are usually 31-1-cctc:d by \.a~-vi~lg 
[he  s o ; ~ : : ~ n  corlcentrations until conditions a re  found ~vhicl l  are 
suitable f>r crystal growth. When in direct contact, the two solutions 
diffuse :::rJ one another. \\'hen separated by a membrane. water and 
5,1115 p~r:::sable to the ~nenlbrane diffuse from the protein solution to 
- ., ; ;-L .:-.rating S O ~ L I ~ I O I I .  
Batch Method. This is perhaps the simplest of the liquid/liquid 
diffusion methods  [52]. This method mixes the  protein and  
precipitant together and lets the resulting solution si t  undisturbed.  
Hopefully, the precipitant will force the protein out  of solution ns 
large. single crystals, although a n  amorphous precipitate or micro- 
crystals may form. Often, varying the lelrel of precipitant only sliqhtl!~ 
will give a very different result. Thus ,  this method is not LrerJr 
reproducible. 
Dialysis Method. A widely used method involves liquid diffusion 
across a membrane between tn-o solutions [ 53 ] .  One solution co~ l t n i~ l s  
the erotein and precipitating agent. The other solution contains 
preci:cating agent a t  a higher leire1 than in the protein solution. The 
hvo sc:;ltions are separated by a dialysis membrane that  does not alloiv 
prote:r, to pass through it. Water and salts can diffuse through the 
diali-5;s membrane between the t\vo solutions. Protein is forced out of 
so1u:::n either by water or salt equilibrating across the ~ l l e~ l lb rane .  
The ~::~i l ibrat ion rate can be 1.aried b>- changing thc ~-cI:~tii-c~ 
Cc,IlC2-- ,.. --  arions of precipitating agent in each solution. 
Gel Methods. A less conlnlonly used method which s h o ~ v s  some 
 pro^^::^? for mini~nizing the effects of gravity involves the groivrll of 
cy-.;:.::~ in gels [54]. TWO types of gels are used. physical gcls and 
c l .  1: - !  e l .  Phi-sick11 gcls consist of p011-111cric c h : ~ i ~ l s  C I I I  ; ~ ~ l q l c t ( l  
together and  held by non-covalent bonds. These gels a re  typically 
made of gelatin or agarose. Chemical gels consist of polymeric chains 
which a re  covalently cross-linked with each other .  Silica o r  
polyacrylarnide is usually used for making these types of gels. 
Crystals grown in gels are suspended in the bulk, not on the bottom 
of the cell, unless that  is where nucleation occurred. The crystal is 
supported by the gel network, but  can continue to grow a s  this 
network is not rigid. This network provides the most desired feature 
. 
of a gel. the minimization of convective flow due to density gradients 
produced by a growing c n s t a l .  This property allows the growth 
process to be dominated by diffusional mass transfer, not contrecti1.e 
flow to the growth surface. 
The use of gels to grow crystals is currently limited by the small 
terminal size the crystals reach. This problem may be due  to 
mechanical restraints induced by the gel network. or possibly by slolv 
diffusion of protein monomers through the net~vork. 
Automated Systems 
There are selreral systems. both comnlercial and research, n.l~ic.li 
can  be used for screening crystal grolvth conditions with ~nininlnl 
human  intervention. These systems t-ypically incorporate robotics and 
computer control for deplo!-ing solutions and nlonitoring the qro\vth 
process 1551 [ 56 ] .  Most of these devices are based on tlle hrl11qi11q 
drop \-,i;>r diff'usion tcc1~nique, usinq a liquid I-csc.n.o~~- to : ~ f f c ' c ' t  tllc 
evaporation of a protein solution. Though these devices greatly reduce 
the  need for h u m a n  intervention, they still t ake  a trial a n d  error 
approach to finding suitable crystallization conditions. There h a s  been 
a n  at tempt  to use these systems to converge on suitable condi t io~ls  
based on prior experiments [57]. A basic statistical design approarh  
h a s  also been developed to attempt to predict conditions suitrlblc for 
crystal growth [58]. All of these approaches still do  not  a l lo~v the 
conditions of a n  experiment to be dynamically nlodified while c17~st,11 
grois-th is in progress. 
Lvsozvme Crvstal Growth 
Lvsoz\me catal!-zes the hj-drolj-sis of a pol!-saccharide that is t l l ?  
major constituent of the cell wall of certain bacteria. The solution p! 
t he  s t r u c t u r e  o i  lysozyme is one  of the  t r iun lphs  of S-r;i!- 
cp-stallography [59] [60] [61]. The mechan i sn~  of' the enzynle, n.hich 
ivas prei-iously unkno\vn, u-as dcternlined b\- e s a ~ n i n a t i o n  of 1 1 : ~  
s tructure of Iysoz!-nle and its conlpleses n i th  inhibitors [62]. l3eca~lst. 
li.so~-r?-.e cn-stallizc.; easi l~.  i r  has  t:ccn rhc protcin of c:hoic,c> f'ol- Illos? 
protein c?-stal $;-o~r . t l~ sruc!ic's [ t i 3 1  I641 1651 [ G i i ]  [637] [ i i S j  [ t 5 c 1 : .  
L!-soq-\lne also has  readi1~- airailable solubi1it~- data  for most salt. pH a11d 
temperar~l re  ranges [70]. The nlechanisnls for the crystal growth of 
l!.soz?-:::? ha\-e i>t.erl st ~l(1it.d 1i.i t 11 t.1t.c. t !-or1 ~ l~ ic , r . :~sc ,o~~~ . .  F1.l~t> <I-OI!:I :: 
supersa tura t ion  [71]. From s tudies  on lysozyme it is hoped t h a t  
general theories can  be developed for protein crystal growth. 
Purpose and S c o ~ e  
Analy~ing  protein structures by crystallography can  be a 
slow and difficult undertalung since the first, and possibly 
hardest task, involves growing X-ray quality grade cqs ta l s .  
lvhich have to be well ordered to gi\,e rise to good 
diffraction spots. 
Gronenborn and  Clore [72]  
Anal~Tical Chemistry 
J a n u a ~  1, 1990 
The growth of protein c y s t a l s  has  been shown to be the limiting 
factor in the determination of the three-dimensional s t ruc tu res  of  
most proteirls. Current systems. although useful for screening a large 
number  of conditions, do not ha1.e the  capability to grolv c r~ .s ta l s  b>- 
changing the solution parameters lvhile a n  e spe r i~nen t  is in prog~-t.ss. 
There is a need for techniques to allow crystal gro\vth lvithout t11c 
exhausti\-e screening process. This need is particularl>- critical i l l  the 
cases  of hard  to obtain proteins. ivhere numerous  trials a rc  I I O ~  
possible due  to lack of ~~lntcri:xl. ?'he difficulty in de\-i.lopllicr~t 01- ric7,:.- 
techniques h a s  been the nature of the proteins, need for a d u s t  free 
en\-ironnlent. and micro size requirements. Despite tliesc diffic~~lrics.  
this thesis reports a technique I{-hich e~nplovs  N 2 ( c l  t o  c'orltrol t l l c k  
c\.ripor;irian of a hanging drop. The kinetics of lvatcr t.\-apornt ion \\ . i l l  
dcrcr~lli:lt> the kinetics of s ~ i ~ ~ ~ r s : \ t ~ i r ; ~ t i o ~ ~  and arc-orc!irlgI\- i ~ i f l ~ i ~ ~ ~ ~ c ' i '  
the number and size of crystals. With this technique it was possible to 
determine the effect of different evaporation rates on protein crystals. 
It also provides for control of both solution pH and temperature which 
are related to the solubilities of proteins. With this added control i t  is 
possible-to provide different supersaturation levels for the nuclcatiol~ 
and grow-th levels. 
In order to develop the technique it u-as first necessary to quanrlfv 
the ex-aporation and pH equilibration within a hanging drop vapor 
diffusion crystallization experiment. This technique h a s  been of 
interes: ro NASA because it allows conlputer control of solut ion 
condit1c.n~ thereby eliminating the need for interact1011 with tilc 
misslor. s~ecia l i s t  on board the U.S .  Space Shuttle. Current plans '3:-c. 
to i~co rpo ra t e  a flight version of this technique on the U.S. Sp,ii-t. 
Station. Freedom, in 1992. Although the ad\.antage of autonlating the 
cn-sral growth processes was the main drimng force in developing tile 
technique. the added control provided a tool to probe the nucleatio~l 
and ~ r c ' v . ~ h  supersaturation regions lvhlch has  led to 3 1 1  ~nc~-e,~. ; t>d 
u n d e r s ~ ~ ~ d i n g  of each step. 
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CHAPTER I1 
HARDWARE AND SOFTWARE 
Introduction 
De\.?lopment of instrumentation to control the evaporation and pI-I 
of a 1C - 20 pL drop Ivas not a n  easy task. The most difficult challenge 
was :c design and build a monitoring systenl that  allowed closed-loop 
conirir: 3; the e\-aporation process. It nras desirable to ha\ve colnplctc~ 
con?Fc:er control afid monitoring of several paranleters including pf I .  
tempcr;:ure, and ionic strength. All of these rnust be nlonitored in 11 
non-i:-:.-asive manner  in order to protect the  delicate protein crystals. 
The :-.-.::?rials th2.t came in contact lvith the cr\-stnllizntion s c ~ l ~ i t i o i ~  
iverz  yer sen carrtfully s o  tha t  the!- ciid not i11duc.e nucleation or- 
,.........ate thc c~n-.;t:tls. Otllcr irilportnrit c ~ c ~ n s i d c r a t i o ~ ~ s  i l l  t l i t s  cor1- ' - " , "  
de\.c: . -. .-.;. 
, - ..., nt ivere thc retric.\.al of' rhc cr?.st:tls for X-ray :\rlal\..;is. r l l i '  
puri;?- ~i the gas s t ream, moisture leakage, the number  a n d  size of 
cells. !n order t o  de\.elop the system in a s  little time a s  possible. 
con-.::-.,rc:ll p r o d ~ : ~ ~ t s  \yere ~ ~ s c t i  if tlic\. ivcrc :t\.:~ilnt)l(~. O t l i c r~~- i sc .  r I i c >  
co~~:; .- :- .f :~ts \vere built ~ I I - ~ I O L I S C .  111 t l i c ,  S : I I I I~> I I I ; I I ~ I I ~ ~ I - .  1 1 1 c x  S O ~ ~ I L I : ; I I - ~ ~  
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programs were custom designed using commercially available d a t a  
acquisition and control programming languages. 
Hardware for pH Control 
The pH of a hanging drop was controlled using acidic o r  alkaline 
vapor transfer. A 30 pL drop was suspended from a solid s ta te  micro 
pH electrode (Lazar Research  Laborator ies ,  Model PHR- 146 
Combination) with a flat tip (Figure 5). This electrode is ideal for pH 
measurements  of micro samples due  to its low output  inlpedance as 
compared to a glass electrode ~ v i t h  the same sensor  size. The lo\\- 
ou tput  impedance yields a stable signal with little noise interference. 
The  pH electrode was housed in a glass cell with a s e p t u m  for  
introducing the  drop onto t h e  electrode. The  electrode \\-as 
connected to an Orion Research 501 digital ionanalvzer with a L .S .  
s tandard  connection. The pH meter was interfaced to a n  AT&T I T  
6 3 0 0  personal computer through a Keithly Series 500 Scicntit'ic 
IVorkstation which included 3 boards:  (1)  A l I M  1 hlaster  rlnnlo: 
l l easu rz~ l l en t  3Iodule (2) .AIM7 Thernlocouple Input hlodule (3) 11101 
Digital Input/Output Module. S ince  the signal fro111 the PI-I mc.tcl- T,l.-:~.; 
on the order of 10-100 nlV it was amplified n ~ i t h  a xlOO narroi1; 
bandwidth amplifier on the Keithly A I M 7  Board. N 2 ( 4  3 was  bubbled 
through either s o l ~ ~ t i o n s  of acetic acid or u-riter. or allo~ve<l to pa55 to 
the cell d r y  for evaporation. The $as IV:~.; r o ~ l t e d  to thc ccll ~ \ . i rh  
I I I ~  a u t o r ~ ~ l a l y s i s  t u b i n g  (Colt. I):il111t>r ~ N - 0 7 t ~ 2 ~ $ - ~ S - l 1  
Figure 5. Schematic of arrangemenr for pIH control of a ha11ging 
dropler . 
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The micro solenoid valves (LEE INSTAC, 2-way and 3-way normally 
closed) were computer controlled with digital output  signals from the 
DIOl to a n  Opto 22 PB16A Solid State Relay Board which converts 
digital signal to voltages for activation/deactivation of the solenoid 
valves. 
Software for pH Control 
The software was developed nith LabTECH Notebook, by Laboratory 
Technologies Corporation. A flow chart of the program logic is shown 
in Figure 6. One channel of analog input v-as set u p  to monitor the 
signal from the pH electrode. This analog signal was converted to pH 
using the calibration relationship shown in Chapter 5. The valves were 
controlled through a channel of digital output. The opening/closing 
sequence was determined by a waveform file of code developed prior 
to running the particular experiment. Thus, there was open loop 
'control of the experiment. The experiment was either terminated 
manuall\- or by time out. Upon termination of a n  experiment, a file 
with ASCII file format was created containing the  data  in single 
column format. This ASCII file was then able to be read in Lotus 1-2-3 
for a n e s i s  and graphing. LabTECH Notebook was found to be limiting 
because of its channel structure. It n-as not flexible enough to have 
several decision making routines or set-point checks necessarv for 
closed-loop control. 
Enter 
Parameters 
Plot Data Write Data to File 
! t 
t 
Walt . 
(sample rate) 
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Hardware for Eva~oration Control 
The hardware for evaporation control went through a year of 
evolution before it was found to be satisfactory. Because of the rigidity 
of LabTECH Notebook, it was necessary to change to LabVIEW by 
National Instruments (Austin, Texas) [l] [2] [3]. This data acquisition 
language provided complete programing and supported Macintosh 
. 
systems. There are five main parts to the device: (1) Gas Handling (2) 
Crystallization Chambers (3 )  Evaporation Control (4) Evaporation 
Monitoring and  (5) Temperature Control and Monitoring. These 
individual components are described below in detail. Briefly, their 
arrangement is shown in Figure 7. A Macintosh I1 microcomputer was 
interfaced with a 5B Series Signal Conditioning Module (National 
Instruments) and a n  SSR Series PB24 Relay 1 / 0  Board (National 
Instruments). This provided for reading and conditioning of analog 
and digital input/output signals. The crystallization chamber was built 
in-house and allows 12 crystallization experiments to be individually 
controlled by the computer. The volume of water evaporated fro111 the 
drop is determined by a micro\rolume thermal conductivity detector 
(TCD) (Gow-Mac Model 133 Bridge Water). The entire system is 
placed in a temperature control box that was also built in-house. 
ORIGINAL PAGE IS 
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Gas H a n W  and Eva~oration Control 
Dry nitrogen gas was passed through three filters prior to entering 
the  TCD or the crystallization chamber. The first filter contained 
CaC12 to absorb water. This was to ensure that the gas was dry before 
purging the chamber. There were two other filters in the gas line for 
removing particles. The first Jvas a 60 pm filter (Nupro Company), 
followed by a 5 pm filter (Nupro Company). This ensured that  no 
particulate matter which may be in the gas stream (greater than 5 pm) 
reached any of the system components or the protein drop. The flow 
rate was  measured with a system of two rotameters one ~vh ich  
measured flow rates from 0 to 1.5 mL/sec (Omega Engineering) and 
one tha t  measured higher flow rates from 0 to  8.0 mL/sec (O~nega 
Engineering). There was a constant flow of gas through the thermal 
conducti\ity detector in order to maintain a constant baseline when 
not in purge mode and to cool the filaments in the detector The gas 
passed through the reference side of the detector to a thrt.e-\vay Lee 
valve (xPal\-e 1. Figure 8). I'al\-e 1 allo\ved the gas to be d11-ecretl to 
another valve (valve 2 .  Figure 8 )  or diverted to the chamber Figure 8 
s h o ~ v s  the arrangement which allowed the gas to be diverted to the 
crystallization chamber. When valve 2 was activated, the gas was 
diverted rhrough the c~ystalllration chamber and the  9'1s In the 
chamber i~vhich contains 1i7arer l7apor) ~ v a s  directed t l~ rouqh  thc 
sample sicis of the TCD. S ~ n c e  the ther111:11 cond~1c~tl\.it\.  of
ORIGINAL PAGE IS 
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Lee 3-way 
Valves 
TCD 
Controller 
water-saturated gas is significantly different t h a n  t he  thermal 
conductivity of dry gas the wheatstone bridge in the  detector is 
unbalanced. The amount of imbalance is proportional to the amount of 
water in the gas stream. This can be calibrated back to the amount of 
water that has  been evaporated from the drop. For a review of the 
quantitatii-e use of a thermal conductivity detector see [4]. The TCD 
was connected to only one of the 12 crystallization cells. Since the 
flow rate was found to be equal & 1.3%) in each cell the evaporation of 
a drop ulthin each cell will be equal. 
Each i-alve was electrically connected to a relay on the SSR Serles 
Relav Board which was in turn connected to the NB-DIO-24 Board 
(National Instruments) inside the computer (Figure 12). In a sinlilar 
manner. the thermal conductivity detector was connected to a 5B4O- 
02  module on the CB5 Board where its 0-40mV signal was amplified 
to a 0-5 1- signal before A/D conversion on the NB-MIO-16 Board 
(National Instruments). This set-up provides the most protection 
from noise interference. 
Crvs talliza ti on Chambers 
Initial attempts to build a chamber that was air and moisture tight 
failed. The first chambers were machined out  of plastic nlaterizls 
(lexane. pie-xiglass and polystyrene). Leak tests were run on each 
prototJ-pz by measuring the conductivity of a NaCl drop before I I I I ~  
OWIEtNM, PAGE IS 
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after it was allowed to sit for an  extended time period. Water vapor 
was found to permeate. adsorb and/or absorb with most of the plastics 
that were used. This was found to be in agreement with reports in the 
literature [5] [6]. Not until a glass cell was made were any of the leak 
tests successful. The final version is shown in Figure 9. It is a n  
adaptation of a Linbro Tissue Culture Plate. The plate is made of 
polyethylene and has  24 wells. Glass inserts were made out  of 5 / 8 "  
Pyrex glass tubing. These glass inserts friction fit into one of the 
Linbro wells. Thus. the Linbro box only served to support the glass 
cells. Gas inlet and outlet tubings (2mm glass tubing) mere attached 
so that  the gas flowed in a t  the bottom of a cell and out  at the top. 
This geometry assured that the gas lvould fill the cell and  flush it out 
most efficiently. The outer wells of the Linbro plate were modified to 
hold the glass cells (Figure 10). Microbore tygon tubing was used to 
connect the inlet tube to the solenoid valve and the outlet tube to the 
oil well. The oil prevented the atmosphere from entering the cells. 
Solenoid valves on the exit tube were tried but  it was found it was 
difficult to s-ynchronize opening and closing of the valves which caused 
back pressure problenls. To do  a cq-stallization experinlent a protein 
drop is placed on a silanized ~~licroscope cover slip and sealed to the 
cell with Dow Corning vacuum grease or other low vapor pressure 
greases. 
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E~a~oratfon Monitoring 
Several different approaches were taken to monitor the evaporation 
of solvent from the drop. The most successful techniques are  
discussed here while the less successful attempts are discussed with 
limited detail in Appendix 1 .  
(1) Thermal Conductivity Monitoring of Gas Stream (above) 
(2) Relative Humidity Monitoring Inside Chamber 
(3) Continuous Monitoring of Solution Conductance 
(3 )  Periodic Conductance Measurements with 
Micro Conductance Cell (Appendix 1A). 
(5) Periodic Refractive Index Measurement (Appendix 1B). 
(6) Gravimetric Analysis of Drop Volumes (Appendix 1 C). 
( 7 )  Chloride Ion-selective Electrode (Appendix 1 D). 
Relative Humidity Monitoring Inside Chamber. The relative 
humid ih  of the air inside the crystallization chamber was measured 
with a miniature humidity indicator (Thunder Scientific. Model XX) 
that  was epoxied to the bottom of the glass cell (Figure 11) .  The 
humidity indicator was connected to its circuit board whose signal was 
then passed to a 5B41-05 + 5V signal conditioning module where the 
voltage \s-a amplified before A/D conversion with the NB-MIO- 16 
Board (Figure 12). 

5B Series 
, TCD 
Controller 
Continuous MonitorinP of Conductance. The concentration of salt 
in the protein solution was determined by measuring the conductivity 
of the solution. Since the protein and salts in solution were non- 
volatile, the conductance of the salts in solution could be used to 
determine the concentration of sal t  in solution and changes in 
concentration can be related to the amount of water evaporated from 
the drop. A Plexiglass disc (1 /4  inch thick, 1 inch diameter) was 
. 
modified by adding two 24 gauge platinum wire electrodes 2 mm 
apart.  A drop containing the protein and precipitant was suspended 
from the Plexiglass coverslip making sure that both electrodes Ivere 
covered uich solution. The Plexiglass disc with electrodes is also 
shown in Figure 11. A YSI conductance meter was connected to thc 
electrodes and  to the 5B40-02 on the signal conditioning board 
(through h e  recorder output) and then to the computer through the 
NB-MIO-16 multipurpose board (Figure 12). This signal was related to 
a prexiocs calibration (Figure 60. Chapter 6). 
Temperature - Control and Monitoring 
The temperature of both the TCD and the crystallization chanlber 
was con~rolled with a temperature control box (Figure 13). The bos 
ivas ~ n ~ x c s  ~f 1" pl-wirood and used thernlostattd ~ v a t ~ r  fro111 :I I . : I L I ~ : I  
IVater Cir;:ilator to control the tenlperature. The ~vatcr  nras circ*~~lalcti 
throush A car radiator ivhilc. lxir lvas fo~-ced O\.CI- the radiator-. \ \ ' I ~ O I I  
the circulator was set a t  room temperature (230C) the temperature 
remained constant in the box to + 0.2 OC. The temperature was 
monitored a t  several locations in the box with T-type thermocouples. 
The thermocouple was connected to a 5B37-T-03 Module which 
provided linearized cold junction compensated responses to the 
computer. 
AIR FLOW 
LAUDA WATE 
CIRCULATO CRYSTALLIZATION 
Figure 13. Temperature control box. 
Software for Evaporation Control 
The soi~ware used 111 this svstem was ivritten using the graphical 
progran1::::;lg language LabI?E\\'. This language uses graphical icc~ns 
represenxrlg subroutirles ivhich are linked together to form higher 
level rouLines. The library of subroutines includes the fundamental 
funct ion needed in the course of programming. Any needed routine 
that is no1 already ai.;~ilable can be created from existing routines. 
Structures also exist for performing repetitive operations s u c h  as 
for/next. while, and sequence loops. 
This particular programming language has  several inherent features 
which makes it useful in a research environment. The logic of the 
programming itself is much easier to devise and follow than text based 
languages. As a result of these advantages, the time required to write 
a n  extensive program is greatly reduced. For this system, the time 
required to get the software u p  and running was only a few weeks. 
Another useful feature of LabVIEW is  the ease with which the program 
can be modified to meet the newest needs of the user.  Any newly 
required functions can be written a s  a subroutine and then inserted 
into the code wherever it is needed. The software written for this 
system went through several evolutions as new features to the system 
were added. 
Front Panel 
The language is divided into two parts. The outernlost level. called 
the Front Panel, is the user interface. This level allows the user to 
enter the experimental conditions prior to running the program. The 
specific evaporation method to be used is specified in this level and 
the appropriate software subroutines are enabled. This level also h a s  
real time displays for monitoring the progress of the  experi~nent .  
These include the evaporation profile that  the experiment is follo\iring. 
the total amount of \rater evaporated from the protein solution a t  any 
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given time, temperature and any errors that may have occurred. The 
Front Panel used in this system is shown in Figure 14. As mentioned 
earlier, this level is where the user can interact with the software and 
is the only level one ever needs to see. It was set up  to allow someone 
with only minimal knowledge of computers to enter parameters and 
perform experiments using this system. 
The second part of the software is the Diagram. The diagram is 
where the program is coded and is normally invisible to the user. The 
code itself looks very similar to a flow chart which is useful in 
programming. The individual subroutines are obtained from a library. 
which contains the basic functions typically used in programming, or 
are custom written by the programmer. These routines are linked 
together n i th  "wires." which direct the logical flow of data from one 
routine to the next. Errors in the course of programming are 
corrected through a n  interactive debugger. The language returns any 
error n i tn  a "broken wire." This designation indicates tha t  a n  
improper connection has been made. The program actually will not 
execute until all broken wires have been removed or repaired. 
The sofnvare used in this system was divided into several individual 
functions and coded through a sequence structure so that the routines 
would be executed in a specific order. A description of these 
functions. their individual operation. and a diagram of each routine are 
given belcn-. A flow chart of the logic of the entire progranl is shown 
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in Figure 15. The entire working code of the program is listed in 
Appendix 2. 
Initialization. The first operation performed by the software was to 
initialize all of the internal and external hardware. This routine was 
necessar?; to ensure that  all of the hardware was in its starting 
configuration. The code for performing this operation is shoivn in 
Figure 16. The multifunction board inside the computer  was 
configured to allow analog inputs and outputs. The three ports on the 
digital board inside the computer were configured a s  outputs .  The 
starting time is recorded in computer tick counts and conlyerted to 
seconds (60 ticks/second). 
Eva~oration Control and Monitorinsf. The evaporation ivhile loop 
executes only if the time limit of the program has  not been exceeded 
(Figure 17). The program compares the  length of time the  
experiment is set to run lblth the time elapsed since the program was 
started. I f  b e  time the experiment has  run has  not exceeded the total 
time, then a true output is sent to a logical "and" function. I f  the 
length of the  experiment has  been esceeded. then this  routine 
terminated and the data arrays which were accumulated were sent to 
the nest subroutine which writes the data to file. 
The n e s r  function accumulates a baseline reading fro111 the TCD 
which is used in the first iteration of the while loop (Figure 18). 
Es tab l i sk~xent  of the baseline in each iteration was  done to 
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compensate for any drift in the TCD baseline. Then, a comparison is 
made on the total integrated voltage read from the TCD, converted to 
volume from a previous calibration, with the  desired volume 
determined from the evaporation profile equation from the Front 
Panel. If the total volume evaporated is greater than the equation 
output ,  then the valves remained closed for a se t  period of time 
determined from the Front Panel. If  the total volume evaporated is 
less than the equation output,  then a baseline reading is obtained 
before the chamber is purged. The chamber was purged for a preset 
time that depended on the volume of the cell to be purged and the 
flolv rate of the gas. This loop was repeated until the final volume to 
be exraporated was reached or the time eq i r ed .  
Ternuerature Monitoring. Simultaneously with the evaporation 
loop. the temperature within the control box was recorded with the 
while loop in Figure 19. 
Humidity monitorin$. When appropriate, humidity was monitored 
using th? humidity reader subroutine shou-n in Appendix 2. 
Conductance monitorin$. A similar subroutine was used to monitor 
conductance and is also listed in Appendix 2. 
Termination and File StoraPe. The final function that the sot'tlvarc 
perfori~:~, v,-as to lvrite the accumulated d l ~ t ; ~  to a file (code s l lo \ i .~~  i11 
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Figure 20). The data, which had been accumulated in arrays, was 
combined into a matrix, transposed, and saved as a spreadsheet file. 
This allowed the data to be accessed with Cricket Graph or Microsoft 
Excel for graphing and data manipulation. 
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CHAPTER I11 
PURIFICATION OF HEN EGG WHITE L Y S O m  
Introduction 
The importance of protein purity in crystal growth s tudies  cannot  
be understated. The problem lies not in  reproducing crystallization 
conditions b u t  in isolating a protein preparation whose composition is 
uniform each time. IVhile the actual preparation of a protein for 
crystallization is simple once the conditions are  knou-n. isolation and 
purification procedures are  difficult to reproduce. It is not u n c o m m o ~ ~  
tha t  one preparation will yleld crystals over a wide range of conditions 
while other preparations will not. Commercial preparations frequent1~- 
contain salts, presenratives and other additives that  are  not specificall!- 
s ta ted .  Furthermore. the  composition of the  desired protein and  
protein iinpurities xvill \.an- with different ba tches .  ~ ~ ( ~ I I - C I ~ P I - ,  
comrnerc;al preparations are a convenient source of protein. For thi. 
reason. hen egg white lysozynle was purchased from Sigma Chemical 
Cornpan\- and Calbiochem Corporation. It was  further  purified by a 
number  of techniques. This approach allowed pure  protein to b t ~  
obtained from a commercial source. 
Materials and Methods 
Hen egg white lysozyme was purchased from Sigma Chemical 
Company (Grade I, Lot 46F-80602 and Lot 46F-8060) and Calbiochenl 
(Lot 90  14 1 1). Micrococcus Luteus was from Calbiochem. Spectra/Por 
dialysis membranes were purchased from Spectrum Medical 
Industries with molecular weight cutoff (MWCO) of 15.000 (wet tubing 
# 132 12 1)  and 6,000-8.000 MWCO (dry tubing # 132660). Buffer 
reagents ivere Fisher Certified ACS. NaCl was Baker Analyzed Reagent 
grade. Deionized water (Barnstead Nanopure 11). 0.2 pm filtered. was 
used for all solutions. Samples were also filtered with Gelman 
Sc i ences  Acrodisc d i sposab le  f i l ter  a s sembly  ( 0 . 2  p n l ) .  
Electrophoresis reagents were Pharmacia. Precast gels (PhastGel 
Gradient 8-25 and PhastGel IEF 3-9) with 6-8 lanes n-ere purchased 
from Pharmacia along with the SDS Buffer Strips. Pharnlacia s 
. Electrophoresis Low Molecular Weight Calibration K t  was used for 
protein s ~ a n d a r d s .  Comassie blue development of the gels used 
PhastGel Blue R tablets from Parrnacia. Silver stain det-elopment used 
sili.er :-i::r:.:s and reagents from Fisher. 
SDS-PAGE 
Soai~:: :~ dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) 5 performed with the  PhastSystem (Pharmacia L I B  
Biotec:::-.:::~v 3- iU3) according to the nlanufacturer's recomnlend;-trio~l 
Samples were dissolved in a buffer containing 1OmM Tris (HCL), pH 
8.0, with 1mM EDTA, 2.5% (w/v) SDS and 2.5% 1 ,4  dithiothreitol. 
Comassie Blue staining of the gels was performed in the Development 
Unit of the PhastSystem. The silver stain development procedure 
used is shown in Figure 21. Dilutions were made from a purified 
lysozyme solution to determine the detection limit of the silver stain 
technique for lysozyrne. 
1soe1ectric'~ocusi.g 
To separate the proteins in the Sigma lysozyme according to their 
isoelectric points isoelectric focusing (IEF) with the Phast System was 
used according to the manufacturer's recommendations. Sarnples 
were dissolved in a 0.01M phosphate buffer a t  pH 8.00 to a total 
protein concentration of 2.0 mg/mL. Comassie Blue staining of the 
gels was performed in the Dei-elopment Unit of PhastSystem. 
Lvsozvme Activitv Assay 
To anal\-ze the purity of a 1)-sozyme solution the relative actii-it!. ot' 
the soluuon was measured against a pure lysozyme solution. Since 
lysozqme is known to lyse micrococcus luteus cells its activity on these 
cells can be used to assa!. the purity of a protein solution. The 
concentr~r ion of a nlicrococcus luteus suspension was adjusted b!- 
dilution ;;-:~h 0.01L1 phosphi.~e buffer pII 8.00 until the i^Lr5c, iv;~s 
approximately 0.100. 3.0mL of this solution was placed into a 
disposable polystyrene cuvette and the signal allowed to stabilize. The 
purified lyopholized solids (standard) and the unknown lyopholized 
solids were made to a concentration of total protein of 2.5 mg/mL in 
0.01M phosphate buffer pH 8.00. 210 pL of the standard and 
unknoxn were added to separate cuvettes containing the micrococcus 
luteus suspension and the  cell was  mixed by inversion. The 
absorbance of the mixture was monitored for several hours and the 
rate of decrease in the absorbance was calculated from the slope. 
Comparison of the tsvo slopes yielded an estimation of the purity of the 
unknoisn sample. 
Ion ExchanPe Separation 
Fasr. ?rotein Liquid Chromatography (FPLC) was used to separate 
the Sigma and Calbiochem lysozyme from protein impurities. The 
componenrs of the HPLC system were all purchased from Pharmacia 
LKB. They are: (1) LKB 2 152 HPLC controller (2) LKB 2 15 1 Variable 
Wavelensrh Monitor (3 )  LKB 2156 Solvent Conditioner (4) LKB 2150 
HPLC Punlr, (5) L I B  2210 Recorder. A 2 .0  mL sample loop \vas used 
giving ssnlple volumes from 0-2.0 mL. A Mono S HR 5/5 and a HR 
10/10 pre-packed strong cation exchange column (Pharmacia) n7as 
used for rne separation. Initial experiments were performed on the 
Mono S 3R 5 / 5  colu~lln l i t h  scale up procedures on the HR 10/ 10. 
130 Minutes 
1 10 Minutes 
Wash 4X -t 5-10 Minutes 
0.49 '%IN03 to 
200mL Hz0 
30 Minutes 
Gels air dried 
overnight. 
Preserved with clear 
laminating film. 
129 Na2C03 
200 & Formaldehyde 
400mG H20 
150 mL for 2 Minutes; 
remainder until bands 
appear (5-1 0 Minutes) 
lOmL Conc. Acetic Acid 
20mL Glycerol 
200mL H20 
Solvents were A: 0.01M Phosphate pH 7.10 B: A+l.OM NaC1. Heart 
c u t s  of the  individual peaks were analyzed with SDS-PAGE to 
determine their molecular weight. 
Membrane Se~aration 
Roteins can be separated from small molecules by dialysis through 
a semipermeable membrane, in which the protein is retained inside a 
dialysis bag while the smaller molecules and ions diffuse through the 
pores and emerge outside the bag. This technique is used xllost 
frequentl\- to remolre sa l t s  and  buffers from protein solutions. 
Membranes can also be used to separate proteins of significantly 
different molecular weight. Impurities were separated from lysozyrne 
(MW= 14.100 daltons) using two dialysis bags (Figure 22) .  Five 
milliliters of a n  80  mg/mL sample was placed into a 32 cm bag of 
15.000 5lJ\-CO dial~vsis tubing. The tubing was sealed with knots and 
inserted into the 6.000-8,000 MWCO tubing. Deionized lvater was 
added KO tile outer bag so that the level was approximately 3 /4  of the 
length of rhe bag. The outer bag was sealed with closures so it could 
be reope:~zd to renlo\-e fractions. The double bag \vas then placed 111 4 
L of deionized water and allowed to stir a t  8-10°C. The deionized 
water was replaced daily. 
The 2:::Junt of lysozynle in the outer bag was xllonitored dai l~ .  b- 
measuri:;, the absorbance of the solution a t  280  nrn using an  
absorpt:::: coefficle~lt (rl1'")1~111) of 26.5 [ I ] .  Thc volunle of s o l ~ ~ t i o r ~  
CLIP 
- 15,000 
MWCO 
CLIP 
in the outer bag was estimated by measuring the length of the liquid 
column in the bag and multiplying this by the capacity rating of the bag 
(0.32mL/cm). SDS-PAGE with silver staining development was used 
to check the protein composition of the solutions in the inner and  
outer bags. Before SDS-PAGE the samples were lyophilized with a 
LabConoco bench top lyopholizer and weighed to ensure  equal 
concentration of total protein. 
Results and Discussion 
SDS-PAGE on the unpurified lysozyme from Sigma revealed a total 
of fi1.e bands (Figure 23). The molecular 11-eights of the bands were 
determined using a log MW versus Rf plot (Figure 24). They were 
found to be 14.6K (lysozyme), 17.5K. 27.8K. 46.8K and  77.9K. 
Calbiochem lysozyrne was analyzed using the same procedure and was 
found to contain only the 17.8K and 14.4K bands (Figure 25). Both 
Sigma and Calbiochem samples were separated on the Mono S HR 5/5 
colunln ni th  a step-wise gradient (Figure 26 and 27). 
Fractions of the Sigma chromatogram were collected and run on 
the PhastSystem to determine their molecular weights. The samples 
were too dilute to be seen by the comassie or silver stain development. 
A concentration step was added and four of the peaks were able to be 
identified. The 3rd peak was found to be the 17.8K impurity. The 4th 
and 5th peaks were both lysozyme and the 6th  peak was the 2 5 K  
protein. Peaks 1 and 2 were too dilute to be identified and efforts to 
SDS-PAGE. Samples dissolved in 1 OmM Tris 
(HCl), pH 8.00. with 1mM EDTA. 2.5% (w/v) 
SDS and 2.5% 1.4 diothiothreitol. Heated at  
100 O C  for 5 minutes. Comassie Blue Devel- 
opmen t . 
(1) Pharmacia Low MW Standards (2) Sigma 
Lysozyme Lot 46F-8060 - 12.000ng (3) Sigma 
Lysozyme Lot 46F-8060 - 6.000ng (4) Sigma 
Lysozyme Lot 46F-80602 - 12.000ng (5) 
Sigma Lysozyme Lot 46F-80602 - 6.000ng 
(6) Pharmacia Low MW Standards. 
*.' 
ii; 1;: 
!I!, 
1 ,i 
7 
Figure 23. SDS-PAGE on Sigma lysozyrne. 
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SDS-PAGE. Samples dissolved in lOmM Tris 
(HCl). pH 8.00, with ImM ED% 2.5% (w/v) 
SDS and 2.5% 1.4 diothiothreitol. Heated at  
100 O C  for 5 minutes. Comassie Blue Devel- 
opment. 
(1) Pharmacia Low MW Standards (2) Sigma 
Lysozyme Lot 46F-8060 - 12.000ng (3) Cal- 
biochem Lysozyme - 6,000ng (4) Sigma 
Lysozyme Lot 46F-8060 - 12.000ng (5) 
Calbiochem Lysozyme - 6,000ng (6) Phar- 
macia Low MW Standards. 
Figure 25. Comparison of Sigma lysozyrne and Calbiochem lysozyme. 
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X Scale: 5 mrnlrnin 
P 
concentrate them were unsuccessful. By elimination, they are the 
38.6K and 67K proteins. The lysozyme peak was distorted from a flow 
rate that was too hfgh. 
The high molecular weight components found in the Sigma 
lysozyme could be from either of two sources: (1) They could be 
lysozyme molecules connected by intermolecular disulfide bonds, or 
other intermolecular cross-links, created during the isolation process. 
(2) They could be protein impurities also found in hen egg whites. 
Tests were run to try and characterize the proteins. A comparison of 
the ratio of molecular weights of the unknown impurities to the 
known molecular weight of lysozyme supported the j-mer theory since 
all ratios were close to whole numbers. These ratios are 5.3, 3.2 and 
1.9 for the bands 77.8K, 46.8K and 27.8K respectively. To test if 
intermolecular disulfide bonds were being reduced, protein samples 
were dissolved in SDS buffers containing 2.5% DTT, 8.4% D?T and 
5% B-mercaptoethanol. If the disulfide bond were not being reduced 
with the 2.5% they should be reduced with either the 8.4% DTI' 
or the 5% B-mercaptoethanol. However, it was found that the high 
molecular weight bands were still present even in the presence of 
these harsh reducing agents (Figure 28). Therefore, it follows that the 
high molecular weight components are not lysozyme molecules 
connected by intermolecular disulflde bonds but could be cross-linked 
lysozyme molecules.. 
The catalytic activity of the lysozyme solutions containing the high 
molecular weight components was measured. First, the high 
molecular weight components were separated with the membrane 
method. SDS-PAGE was run to determine the composition of the 
inner bag. I t  was found to contain lysozyme and the higher molecular 
weight bands. However, the high molecular weight bands were 
concentrated with respect to the lysozyme band. The catalytic activity 
of the solutions in the inner bag was compared to that of a pure 
lysozyme solution. The activity of the solution containing the high MW 
proteins was determined to be approximately half that of a pure 
solution of lysozyme with equal concentration (Figure 29). This seems 
to suggest that the unknown bands do not contribute to the lysozyme 
activity. To further support these results, the same solutions 
Table 4. Proteins of Pharmacia's Broad pI Calibration Kit and their 
corresponding PIS. 
were separated by isoelectric focusing. Since lysozyme has an 
isoelectric pH of 11.00 and the only ampholytes (aliphatic polyamino- 
polycarboxylic acids) available were in the pH range 3-9 (Table 4) it 
was not possible to measure the isoeletric pH of lysozyrne with the 
Sample 
lentil lectin (basic) 
lentil lectin (middle) 
lentil lectin (acidic) 
horse myoglobin (basic) 
horse myoglobin (acidic) 
human carbonic anhydraseB 
bovine carbonic anhydrase B 
B-lactoglobulin A 
soybean trypsin inhibitor 
amyloglucosidase 
PI 
8.65 
8.45 
8.15 
7.35 
6.85 
6.55 
5.85 
5.20 
4.55 
3.50 
SDS-PAGE. Samples dissolved in 10mM Tris 
(HCl), pH 8.00, with 1mM EDTA 2.5% (w/v) 
SDS and 2.5% 1,4 dithiothreitol(lYIT) 8.4% 
IYIT or 5% 3-mercaptoethanol. Heated at 
100 OC for 10 minutes. Comassie Blue Devel- 
opment. 
(1) Sigma lysozyme in 2.5% D'IT - lmg/mL 
(2) Sigma lysozyme in 2.5% D'IT - 0.5mg/ 
mL (3) Sigma lysozyme in 8.4% D'IT - lmg/ 
mL (4) Sigma lysozyme in 8.4Oh MT - 0.5 
mg/mL (5) Sigma lysozyme in 5.0% 3- 
mercaptoethanol - lmg/mL (6) Sigma 
lysozyme in 5.0036 B-mercaptoethanoal - 0.5 
mg/mL. 
Figure 28. SDS-PAGE on Sigma lysozyme with different strength 
reducing agents. 
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lsoelectric Focusing. Samples dissolved in 0.0 1 M 
phosphate buffer, pH 8.00 to a total protein 
concentration of 2.0 mg/mL. 
(1) Pharmacia's Broad pi Calibration Standards; 
see Table 4. (2) (3) Sigma lysozyme with 
impurities. (4) (5) Sigma lysozyme purified. (6) 
Standards. 
Figure 30. Separation of Sigma lysozyme and unknowns with 
isoelectric focusing using the PhastSystem and PhastGel 3-9.. 
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PhastSystem. However, it was possible to determine if all the bands 
seen on SDS-Page had the same isoelectric pH. It  was found that the 
high MW proteins had different isoelectric points than lysozyme 
(Figure 30 and Figure 31). This suggests that the unknown bands are 
due to other protein impurities. However, it is difficult to know 
whether the different isoelectric pH's are due to different types of 
protein components or the result of chemical modification of the same 
protein. 
The manufacturer's recommended scale up procedures were used 
to scale up from the HR 515 to the HR 10/10. Resolution was retained 
up to 40 mg of lysozyme injected. While this is excellent for most 
protein samples it still required 25 runs to get 1 gram of protein. 
Since several grams of lysozyme were needed a new procedure was 
developed that required less time. 
The impurities are all of a higher molecular weight than lysozyme 
so they can be trapped by a membrane with 15,000 MWCO. Lysozyrne 
should traverse the membrane and be trapped in the outer bag. 
Analysis of the solution in the outer bag by SDS-PAGE with silver stain 
(Figure 32) showed only the lysozyme band. The silver stain 
procedure was found to have a sensitivity of 10 ng per band of protein. 
Since the most concentrated band (lane 1) shows no higher molecular 
weight impurities, the amount of impurities in the sample is less than 
1.25Oh. The solution in the inner bag was found to contain lysozyme 
and the four protein impurities (Figure 32). 
SDS-PAGE. Samples dissolved in 10mM Tris 
(HCl), pH 8.00, with 1 mM EDTA. 2.5% (w/v) 
SDS and 2.5% 1.4 diothiothreitol. Heated at  
100 O C  for 5 minutes. Silver Stain Develop- 
ment described in Figure 2 1. 
(1) Pharmacia Low MW Standards (2) Inner 
bag 100 ng total protein (3)  Inner bag 50 ng 
total protein (4) outer bag 100 ng total pro- 
tein (5) outer bag 50 ng total protein (6) 
Pharmacia Low MW Standards. 
Figure 32. SDS-PAGE on solution from outer bag and inner bag after 
membrane separation. 
8 1 
Mass = (mg/mLm) X mL 
*Determined from Absorbance 
at 280nm 
Time (minutes). 
SDS-PAGE. Samples dissolved in 1 OmM Tris 
(HC1). pH 8.00. with 1rnM EDTA. 2.5% (w/v) 
SDS and 2.5% 1.4 diothiothreitol. Heated a t  
100 OC for 5 minutes. Comassie Blue Devel- 
opment. 
(1) Phannacia Low MW Standards (2) Sigma 
Lysozyme Lot 46F-8060 - 12,000ng (3) Sigma 
Lysozyrne Lot 46F-8060 - 6,000ng (4) Sigma 
Lysozyrne Lot 46F-80602 - 12,000ng (5) 
Sigma Lysozyme Lot 46F-80602 - 6,000ng 
(6) Pharmacia Low MW Standards. 
Figure 34. Comparison of different lot numbers of Sigma lysozyrne 
with SDS-PAGE. 
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Monitoring the absorbance of the solution in the outer bag showed 
that the exchange process took 5-10 days (Figure 33). To speed up 
this process the 15,000 MWCO containing unpurified lysozyme was 
placed in the reservoir container of a n  Arnicon Stirred Cell 
concentrator with a 10,000 MWCO Millipore membrane. k e s h  water 
was added to the reservoir periodically so that the rate of the 
exchange process would remain high. After several changes of water 
the solution was concentrated down to just a few milliliters. Using the 
Amicon in this manner allows one to desalt, pun@ and concentrate in 
one step. 
Conclusions and Recommendations 
From these studies on the purity of commercially available lysozyme 
it is evident that care should be taken to purify or at least test the 
purity of commercial sources of proteins. SDS-PAGE on different lot 
numbers of Sigma lysozyme showed a different distribution of 
impurities (Figure 34). This inconsistency contributes to the difficulty 
in reproducing crystal growth conditions. The impurities in the 
Sigma lysozyme are thought to be different types of proteins rather 
than modifications of lysozyme. However, to be completely certain of 
this it would be necessary to do a specific detection technique after 
separation such as western blotting. 
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CHAPTER IV 
HANGING DROP VAPOR DIFFUSION STUDIES ON THE 
C R Y S T ~ T I O N  OF LYSozYME 
Introduction 
Crystals of hen egg white lysozyme were grown using the hanging 
drop. vapor diffusion method in Linbro plates. The conditions for 
crystallization were optimized according to pH, salt concentration and 
protein concentration. Several different conditions were then used to 
vary the quality of the crystals. These crystals were used as the initial 
starting conditions for the gas equilibration method of growing protein 
crystals. The crystals grown with the hanging drop vapor diffusion 
method were also used as control experiments to evaluate the gas 
equilibration method. Since the gas equilibration method required 
that no volatile solution components be used it was necessary to 
develop new conditions for crystallization than those used in the past. 
Efforts were made to evaluate the quality of the crystals grown under 
the new conditions and explain the results in terms of the crystal 
growth mechanism of lysozyme. Studies were also done to determine 
if the conductance monitoring technique described in Chapter 2 
interfered with the crystal growth process. 
Materials and Methods 
NaCl was Baker Analyzed Reagent grade. Deionized water 
(Barnstead Nanopure 11), 0.2 pm filtered, was used for all solutions. 
pH buffers were Fisher 0.01). Sodium acetate and ammonium 
sulfate were Fisher reagent grade. All other buffers and salts were 
Flsher. Unbro plates were purchased from Flow Laboratories and glass 
microscope coverslips were from Fisher. Sealing grease was either 
Apiezon L or Dow Corning High Vacuum grease. 
Lvsozmne m t a l  Growth 
Acetate Buffer. Conditions were optimized by simultaneously 
varying the protein and salt concentration at pH 4.00 and pH 4.70 (see 
Table 6 and Table 7). The crystal appearance quality was estimated 
(see Visual Inspection) and plotted against the salt and protein 
concentration in either a 3-D surface or contour graph. The optimum 
conditions were then selected from the maximums on these graphs. 
The optimum conditions were repeated to ensure reproducibility. 
Crystals were grown in O.1M sodium acetate buffer adjusted to pH 4.00 
and 4.70 with 6N NaOH and 6N HCl. [I]. NaCl concentrations were 5- 
10046 (w/v) NaCl in the buffer. Protein concentrations were ranged 
from 10.0 to 50.0 mg/mL buffer. The protein solution was made to 
approximate concentration by weighing out the lyopholized protein 
and dissolving it in the buffer solution. The solution was adjusted to 
50mg/mL by measuring and using A1% of 26.5 [2]. Reservoir 
solutions were 1.0 mL of the NaCl solution. Drop solutions were made 
up of 10 pL of reservoir solution and 10 pL of protein dissolved in the 
buffer. Drops were deployed using Drummond Fixed Volume 
Micropipets which had a precision rating of 1%. Microscope 
coverslips were silanized using the procedure in Appendix 3. The 
coverslips were sealed to each well with Dow Coming High Vacuum 
grease. The Linbro boxes were placed in styrofoam boxes and 
maintained at room temperature. The room temperature was 
estimated to be 23  +/- 40 C. 
Citrate Buffer. Crystals were grown with 0.1M citrate buffer at  pH 
4.00 [3]. NaCl concentrations were 1-5% (w/v) NaCl in the buffer. 
The conditions were not optimized for citrate buffer with the 
procedure described above. Protein concentrations were prepared 
the same as with the acetate buffer. Reservoir solutions were 1.0 mL 
of the NaCl solution. Drop solutions were made u p  of 10 pL of 
reservoir solution and 10 pL of protein dissolved in the buffer. The 
coverslips were sealed to each well with Dow Coming High Vacuum 
grease. 
Continuous Conductance Monitoring 
The conditions for crystallization in sodium acetate buffer (above) 
were used to attempt to grow crystals while monitoring conductance. 
At the same time, control experiments were run at the same 
conditions with the drop placed on silanized microscope coverslips 
instead of on the electrodes. 
To measure the solubility of lysozyme under different conditions 2 
pL aliquots of the mother liquor were removed from drops containing 
crystals. To ensure that the system was in equilibrium the 
measurements were taken at least 1 month after the drops were set 
up. The aliquots were diluted into 1.0 mL of the appropriate buffer 
and the absorbance of this solution was measured at 280 nm using and 
A=% of 26.5. 
A polarizing microscope (Zeiss. West Germany) with camera 
attachment was used to study crystal appearance quality. The 
appearance of the crystals at  a particular condition were assigned a 
Response Code according to Table 5. Pictures of the crystals were 
taken using a 35mm camera to microscope attachment with either 
Kodacolor IS0 400, Ektachrome IS0 400 Daylight or Ektachrome I S 0  
160 Tungsten balanced. 
Table 5. Estimation of Crystal Quality by Visual Inspection. 
The crystals were characterized using a Buerger Precession Camera 
(The Charles Supper Company) and later with a Huber Precession 
Camera. X-Rays of ), = 1.5G were produced from a Cu Rotating Anode 
Generator (Rigaku) operated a t  40 kV and 50 mA and Ni-filtered. 
Reflections were captured either on Polaroid XR-7 3000 speed film or 
Kodak X-ray film (crystal-to-film distance = 75mm or 100mm). The 
crystals were mounted in glass capillary tubes and sealed with epoxy. 
The crystals were mounted with their crystallographic c axis oriented 
parallel to the capillary axis. Once mounted, the crystals were first 
optically positioned and then aligned to the X-Ray beam following the 
manufacturer's recommendations. Two of unit cell parameters were 
determined by measuring the spacing between zero level reflections 
off of a photograph. The crystal was then rotated 900 to measure the 
third axis. 
Table 6. Optimization of crystallization conditions for lysozyme at p H  
4.00. 
Table 7. Optimization of crystallization conditions for lysoyme at pH 
4.70. 
To determine the protein composition of crystals they were 
sampled from the mother liquor and dissolved in SDS buffer. To 
retrieve the crystals the entire drop was pulled into a disposable glass 
pipet using suction. The mother liquor was expelled into a 1.8 mL 
centrifuge tube and 500 pL of SDS buffer was added. The crystals 
adhered to the glass in the pipet and were washed into a centrifuge 
tube with 100 pL of SDS buffer. These samples were prepared for 
SDS-PAGE by heating a t  900C for 5 minutes. Separation and silver 
stain development were carried out with the PhastSystem a s  in 
Chapter 3. 
Results and Discussion 
Since many factors can influence protein crystal growth a large 
number of conditions must be scanned to determine the most 
important factors and to provide the best conditions for crystal 
growth. To deal with the large number of screening experiments 
automated devices have been developed and used to develop effective 
search strategies to determine how a parameter influences protein 
crystal growth [4]. This is a costly and time consuming effort which 
requires several hundred separate experiments to optimize 4 or 5 
parameters. Another approach has been to use a statistical factorial 
design [5] which can reduce the number of experiments into the 
range of 20 - 30 to optimrs?e 6 parameters. For lysozyme crystal 
growth enough information was available in the scientific literature to 
reduce the parameters to be optimized to pH, protein and salt 
concentration. The conditions for crystallization of hen egg white 
lysozyme in acetate buffer were determined using a 32 factorial design 
where two factors (protein and salt concentration) were evaluated a t  
three levels (see Tables 6 and 7). This was done for pH 4.00 and pH 
4.70. The response curve for both of these sets of experiments are 
shown in Figure 35 and Figure 36. At pH 4.00 maximum crystal 
quality was found to be a t  50 mg/mL lysozyrne concentration 
(concentrations are before dilution) and 5% NaCl concentration. This 
would give a drop concentration of 25 mg/mL lysozyrne and 2.5% 
NaC1. At pH 4.70 the response curve was flat when compared to the 
response curve of pH 4.00 and the maximum appeared to be out of the 
range of conditions. The best crystals (level 3) obtained a t  pH 4.70 
were a t  protein concentrations of 40-50 mg/mL and salt  
concentrations of 5-6% NaCl. Since pH 4.00 gave the best crystals 
these conditions were selected for crystal growth studies. 
The crystals grown in acetate buffer, pH 4.00, a t  a lysozyme 
concentration of 25 mg/mL and salt concentration of 2.5% (w/v), were 
large tetragonal crystals with well defined edges. The average area of 
the crystals grown under these conditions was measured by the 
procedure illustrated in Figure 37) and was found to be 0.396 mm2 
(Table 8). These crystals were mounted onto the diffractometer and 
were found to give rise to diffraction spots (See Figure 38). The space 


Ngure 37. Procedure for measurement of the crystal area. Crystals 
were magnified and photographed. Length X and Z were measured 
either off of the photographs with a precision micrometer & 
0.05mm) or with a micrometer eyepiece 0.lOmm). The area was 
calculated by multiplying X by Z and dividing by the magnification. 
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Table 8. Size and Number of Lysozyme Crystals Grown in Linbro Wells 
and Acetate Buffer 
(a) Measured after crystals stopped growing as determined by visual 
inspection. 
Figure 38. 100 precession photograph of a lysozyme crystal grown in 
0 . 1 M  acetate buffer. pH 4.00. a t  a lysozyme concentration of 25 
mg/mL and sa l t  concentration of 2.5V0 (w/v) .  From this and a n  
identical photograph obtained from rotating the crystal 90°. unit cell 
parameters were found to be a='t1=78.7 and c=38.2. 
ORIGINAL PAGE IS 
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group was determined to be P43212 with unit cell parameters 
a=b=78.7 and c=38.2. These crystals are similar in size and number to 
crystals obtained by other investigators using the same conditions 161. 
A large variation in the quality, number and size of crystals was 
found between those grown in acetate and those grown in citrate 
buffers (Figure 39). The crystals grown in citrate were of the same 
morphology as the ones grown in acetate, however there were more 
crystals per well and they were much smaller (Table 9). The solubility 
of lysozyme in citrate buffer a t  pH 4.00, 2.5% NaCl and room 
temperature was determined to be 8.4 1 mg/mL + 0.02 mg/mL. This 
is a smaller value than the solubility of lysozyme in acetate buffer under 
the same conditions (12.20 mg/mL) as measured by Pusey [7]. From 
this, it follows that lysozyrne is less soluble in citrate buffer than in 
acetate. This is in agreement with crystallization attempts carried out 
in acetate buffer using ammonium acetate and ammonium citrate as 
precipitating agents [B]. The lower solubility could encourage more 
nuclei to form. Since there is only a limited amount of protein which 
much be shared with all nuclei then each crystal will grow to a smaller 
size. Because of the volatility of the acetate buffer, it was necessary to 
crystallize lysozyrne in a buffer that was involatile for the gas controlled 
technique. That is why. even though the acetate buffer gave larger and 
more s-vmmetrical crystals. most of the gas experiments were done in 
the citrate buffer. 
Table 9. Size and Number of Lysozyme Crystals Grown in Linbro Wells 
and Citrate Buffer 
Linbro Well Number N 
(a) Measured after crystals stopped growing as  determined by visual 
inspection. 
Fig 
- 
pre 39. Hen egg white lysozyme crystals grown in 0.1M acetate 
0.1M citrate buffers at equal salt and protein concentrations. 
Figwe 40. ~ j s t a l s  grown from purlfied lysozyme in citrate buffer at 
conditions mentioned in text. Compare these crystals with those 
grown in citrate and unpurified lysozyme (Figure 39. lower photo). 
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The largest difference observed was between that of the crystals 
grown from the purified and unpurified Sigma lysozyme in citrate 
buffer (Figure 40). Here the morphology changed from 3-dimensional 
tetragonal seen with unpurified lysozyme to 2-dimensional needle 
crystals when the purified form was used. This morphology change 
did not occur .under the same conditions in acetate buffer. Under 
closer observation, it can be seen that these needle crystals are indeed 
tetragonal with unequal growth of the 110 face (Figure 37 length Y ) .  
One of these crystals was mounted on the diffractometer and the unit 
cell parameters were found to be a=b=78.6 A and c=38.1 A (Figure 41). 
Since this is  equal within experimental error to the uni t  cell 
parameters of the symmetrical tetragonal crystals, then the needle 
crystals are also tetragonal. This form of lysozyrne crystal has  been 
reported by Durbin and Feher a t  low supersaturation in acetate buffer 
[9]. In fact, their recent electron microscope experiments showed a 
different growth mechanism with the symmetrical tetragonal than 
with the elongated tetragonal needle crystals [lo]. 
Since the unpurified form of Sigma lysozyme contains unknown 
protein impurities that also absorb light a t  280 nm it is difficult to 
make the lysozyrne concentration equal in the two solutions. I t  is 
possible that the different crystal morphologies observed could be due 
to the dif'ferent lysozyme concentrations. To determine if this was the 
case, the concentration of purified lysozyrne was scanned from 94.5 
mg/mL to 12.5 mg/mL in citrate buffer. At all concentrations the 
needle crystals were present, often mixed with the symmetrical 
Figure 41. lo0 precession photograph of a lysozyme crystal grown in 
0.1M citrate buffer, pH 4.00, at a supposed purified lysozyme 
concentration of 25 mg/mL and salt concentration of 1.0% (w/v). 
From this. unit cell parameters were found to be a=b=78.6 A and c= 
38.1 A. 
tetragonal crystals. This seems to suggest that the elongation of the 
110 face is not solely due to growth at low supersaturation conditions 
as was observed by Durbin and Feher but that other factors are also 
influencing the crystal shape. Further evidence of this is that there 
was no difference in the crystals grown with the purified and 
unpurified forms in the acetate buffer. If one looks a t  the phase 
diagram for lysozyme in acetate buffer (Figure 42) the region of 
interest (pH=4.00, temperature=230C and [salt]=2.5%) is relatively 
flat. This can be interpreted as small changes in the conditions (such 
as unequal protein concentrations) will have very little effect on the 
final crystal forms. However, the the phase diagram for lysozyme in 
citrate buffer is unknown and it is expected that it would not have the 
same shape as the one in acetate buffer since lysozyme is less soluble 
in citrate than in acetate. It is likely then that the region of interest 
could be quite steep and that small changes in the conditions would 
yield large changes in the crystal appearance. 
In an  effort to understand the reason for the different crystal 
forms, the crystal growth of unpurified lysozyme was followed with 
SDS-PAGE. Both the mother liquor and the crystal were run on a gel 
with SDS-PAGE (Figure 43). After silver stain development it was 
apparent that there were no high molecular weight impurities in the 
crystals but they were present in the mother liquor. This is logical 
since it would be difficult for these components to fit into the 
crystalline lattice. Whether or not the impurities are involved in the 
crystal growth mechanism is still unknown. 
T e t .  L y s o z y r n e ,  pH 4.0 
SDS-PAGE. Samples dissolved in 10 mM Tris 
(HCI), pH 8.00, with 1mM EDTA, 2.5% (w/v) SDS 
and 2.5% dithiothreitol. Heated at 100oC for 5 min. 
Silver Stain Development. Lanes 5 and 6 
background smoothed. 
(1) Dissolved lysozyme crystal (2) Mother liquor (3) 
Mother liquor (4) Dissolved lysozyme crystal (5) 
Mother liquor (6) Mother liquor. See text for details. 
Figure 43. SDS-PAGE with silver stain development on a solution of 
dissolved lysozyrne crystal and diluted mother liquor. 
Continuous Conductance Monitoring 
In order for the flat conductance cell to be of use for monitoring 
solution conditions it must not interfere with the crystal growth 
process. To investigate this, a drop was placed over the electrodes 
containing lysozyme a t  the conditions for crystallization in acetate 
buffer. The conductance coverslip was then inverted over a reservoir 
. 
solution that was twice the concentration of NaCl as the drop. The 
system was sealed with grease and the electrodes were energized 
continuously. After 24 hours the drop was observed under a 
microscope. The solution was brown in color and no crystals were 
observed. The control experiments remained clear and colorless for 6 
days. Crystals were observed in the control experiments on the 
seventh day. Since the continuous energizing of the electrodes 
interferes with the crystal growth process, possibly by denaturing the 
protein, the flat conductance cell used in this manner is only useful for 
determinating the evaporation curve before biological components are 
added. To overcome this problem, the electrodes could be energized 
when an optically isolated relay on the external module board activates 
a double throw relay which connects the conductivity meter to the 
electrodes. Crystals of lysozyme were grown with this arrangement by 
Bray [1 11. 
Conclusions and Recommendations 
The success of the development of the gas equilibration technique 
was dependent upon having the best conditions for lysozyme crystal 
growth. I t  was necessary that the conditions be reproducible so that 
any variation in crystal quality could be interpreted in terms of the 
type of equilibration and not variations in initial conditions. The 
importance of this was recognized early on and much effort was put 
into establishing protocols for delivering initial starting conditions 
that were exactly the same as  those used in Linbro well hanging drop 
vapor diffusion studies. I t  was also important to establish the best 
crystals obtained in hanging drop vapor diffusion at  a number of 
different starting conditions. These crystals were used to compare 
the crystals grown with different equilibration profiles using the gas 
equilibration technique. Furthermore, it must be known that any 
monitoring techniques used were not interfering with the crystal 
growth process. Since the flat conductance cell was found to interfere 
with the crystal solution when left energized continuously, it was used 
primarily for quantification of the equilibration curves. It was not used 
on samples that were to produce crystals. 
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CHAPTER V 
pH CONTROL OF SUPERSATURATION 
Introduction 
Crystallization of proteins by pH equilibration has become a popular 
technique (11. The ability to control the pH of a drop will expand the 
pH equilibration profiles available to protein crystal growers. The 
objective of the pH experiments described in this chapter was two- 
fold: (1) Determine the rate of pH equilibration in a hanging drop 
vapor diffusion crystallization experiment; (2) Determine if it was 
possible to computer control the pH of a small drop (10-30pL) with 
purges of acetic acid or water-saturated nitrogen gas. Once the pH 
equilibration within a Linbro well was known, efforts were made to 
slow down that equilibration with the added control of the gas system. 
Materials and Methods 
pH calibration buffers were 0.05M Fisher certified accurate to + 
0.01 at 250 C. Deionized water (Barnstead Nanopure 11). 0.2 pm 
filtered. was used for all solutions. pH buffers were Fisher & 0.01). 
Sodium acetate and ammonium sulfate were Fisher reagent grade. 
Buffers and salts were all Fisher. All pH control experiments were 
carried out with 30 pL drops of deionized water. 
The sitting drop arrangement was used to monitor the pH 
equilibration in vapor diffusion crystal growth. No biological 
components were present in the drop. The pH was adjusted so that 
there was at least a 2 pH unit difference between the drops and 
reservoirs. For the reservoirs, a solution of 1 . 0  M sodium acetate 
(NaOAc) was adjusted to a pH of 5.32 with 6 N  HCI and a 1,OM 
ammonium sulfate ((NH4)2S04) was adjusted to a pH of 7.95 with 6N 
NaOH. For the drops, a 0.5M sodium acetate solution was adjusted to a 
pH of 7.48 with the NaOH and a 0.5M ammonium sulfate solution was 
adjusted to a pH of 5 . 2 2  with the HCl. The solutions were set up in a 
Linbro box with inverted beakers purchased from Fisher (Figure 32). 
Depressions were made in the beakers by heating them until soft and 
depressing the flat surface with a curved rod. They were then 
silanfied using the procedure in Appendix 3 and sealed to the bottom 
of each well with silicone rubber sealant (Elrners). 1 . 0  mL of the 1.OM 
solutions was placed into the reservoir with a 1 . 0  mL eppendorf pipet. 
A 30 pL drop of the 0.5M solutions was placed onto each miniature 
beaker with an eppendorf pipet. This was repeated for all 24 wells so 
that 1 2  wells were set up for NaOAc and 12 were set up for 
(NH&S04. The initial pH of both the drop and reservoir were 
recorded. Each well was sealed with vacuum grease. At random, a 
well was selected for (NH4)2S04 and NaOAc and the time and pH of 
both the drop and reservoir were recorded. The well was marked so 
that no well was measured twice. The pH was monitored in this 
manner until the pH no longer changed from its previous value. Two 
trials were run for each salt. 
The voltage response from the recorder output of the pH 
meter was converted to pH by a calibration relationship that was 
determined by measuring the response of three pH buffers (4.00, 7.00 
and 10.00 pH units). The response was averaged over the time period 
that each buffer was measured and was plotted against the appropriate 
pH value. The relationship was entered into the LabTECH program so 
that conversion to pH was made as the readings were taken from the 
pH meter. 
Gas Flow Rate. The flow rate of the gas stream was monitored by 
two rotameters, one for flow rates on the order of 0-8.0 mL/sec and 
one for flow rates ranging from 0 to 1.5 mL/sec. Both had to be field 
calibrated for Nz (g). This was done using a soap bubble flow meter 
which was made from a 50.0 mL buret and a suction bulb. 
pH Control 
First, the gas bubblers were filled, one with 20.0 mL of deionized 
water and one 20.0 mL 2.04M acetic acid. The gas flow was 
monitored both out of each bubbler and out of the cell with the low 
flow rotameter. The flow was found to be equal at all three locations 
and was constant at  0.45 ml/sec. A 30 pL drop of deionized water was 
suspended from the micro pH electrode with a 50 pL Hamilton 
syringe. The control program described in Chapter 2 was executed 
and the pH, time and temperature was monitored a t  a rate of 1 Hz. 
There was no temperature control for these experiments so the 
temperature was monitored and the pH had to be corrected for any 
temperature change. 
Results and Discussion 
At a fundamental level, pH measurement involves some 
uncertainty. pH measurement by an electrode measures the activity of 
the hydrogen ion or aH+. The relationship is known to be: 
pH = -log aH+ = Ecell - Eo' - Ei 
S 
where Eo' is a constant from the reference half-cell, Ecell is the 
electrical potential of the electrochemical cell and Ej is the junction 
potential which must be known in order to measure pH. Since it is 
not possible to measure Ej with complete accuracy, the pH scale was 
established by reference to a standard buffer with a given pH value 121. 
The pH of the unknown solution is measured by comparing the 
potential of an electrode in the unknown with the potential in a 
standard buffer. However, Ej may change from sample to sample 
especially in the case of samples with different ionic strengths. 
Illingworth [3] reported large pH errors in samples with different 
ionic strengths. For the pH control experiments carried out on 
hanging drops, the ionic strength of the soiutions was kept constant 
by using deionized water. Since deionized water is low ionic strength , 
it can cause problems with pH measurement such as errors in the 
junction potential and sluggish response. To minimize these errors, 
an electrode was chosen that was micro in size and had a design 
which minimized electrode junction potential errors. This same 
electrode was used for pH equilibration experiments. 
The pH equilibration rates in Linbro wells for both ammonium 
sulfate and sodium acetate were determined and are shown in Figures 
44 and 45 respectively. The change in pH represents the transfer of 
volatile ammonium and acetate ions between the drop and the 
reservoir. The time scale for this transfer is on the order of 2 hours 
for both salts. Mikol and Giege also determined the pH equilibration 
of a drop of ammonium sulfate to be about 2 hours [4]. The pH of the 
reservoir tends to determine the final pH of the drop. Because this is 
a rapid process. in crystallizations the rate of approach to the final 
supersaturation level will be very fast. This should affect the final size 
91 pH Drop 
Time (minutes) 
pH Reservoir 
Time (minutes) 
and number of crystals. I t  would be of some benefit for crystal growers 
to have the ability to very slowly approach the h a 1  pH by using acetic 
acid or ammonia saturated nitrogen gas. 
The first step in the pH control experiments was to calibrate the 
rotameters and the computer program. Figure 46 and Figure 47 show 
the results of the calibration of the high and low flow rotameters 
respectively. Figure 48 shows data output from the computer program 
for the pH measurement of the three calibration buffers. When the 
voltage response was plotted against the pH values (Figure 49) a 
straight line with a correlation of 1.00 was obtained. 
The first experiment performed was to open the valve to the acetic 
acid bubbler and see if any pH change could be detected in the drop 
after a significant amount of time (45 minutes). As can be seen in 
Figure 50. the pH of the drop changed from 5.9 to 4.1 in a matter of 
seconds so that the rate of change was equal to -1.91E-2 pH units/sec. 
After the acetic acid saturated gas had been purging the cell for 15 
minutes the pH finally equilibrated at  about 4.1. The "hill" occurring 
after the large pH drop is most likely due to pH gradients within the 
drop created as the acetic acid is taken into the drop at  the gadliquid 
interface and then must diffuse through the liquid to the electrode. It 
is understandable that this dffision process would be on the order of 
several minutes since the ionic strength of the drop is low and 
therefore, the free electrolyte diffusion would be slow. 
To slow the pH change rate the acetic acid saturated gas was 
added to the cell in 10 second purges, followed by an off period of 10 
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seconds to allow some time for uptake of the acetic acid into the drop. 
Dry nitrogen gas was then passed through the cell for 15 seconds to 
remove the material not absorbed into the drop. After 25 seconds the 
above cycle was repeated until the program was terminated. With this 
valve arrangement the pH of the drop changed from 6.52 to 4.44 in a 
period of 104 seconds or a rate of change of 
-2.00E-2 pH units/sec (Figure 5 1). Whfle this is an improvement the 
pH is still changing rapidly and the goal of this technique is to very 
slowly change the pH. To slow down the pH change, the off interval 
between the acid valve opening and the dry gas valve opening was 
increased &om 10 seconds to 60 seconds and the final off interval was 
increased from 25 seconds to 40 seconds. This caused the pH to 
decrease at  a much slower rate (-2.893-4 pH units/ sec) (Figure 52). 
However. after the fxst 7 minutes, the pH began to oscillate up  and 
down between 0.1 pH units with a n  overall decrease in pH. The 
oscillations were in sync with the opening and closing sequence of the 
valves and it was thought that they were due to the removal of acetic 
acid kom the drop and the cell with the purges of dry gas. This is an 
excellent picture of the removal and replacement of volatile solution 
components from the drop. Therefore. it is important that care be 
taken when volatile buffers and precipitating agents are used. It is 
possible to replace these components by saturating the gas and 
purging the cell. 
Figure 53 shows the pH change with the addition of a purge of 
water-saturated gas. With this arrangement there are now two factors 
- Temperature r 
Acid on 10 sec 
Off 10 sec 
Dry on 15 sac 
Off 25 sec 
Time (minutes) 
which determine the pH change within the drop, the addition of 
acetic add  and the dilution of the drop with water. Initially, there is 
decrease in the pH fkom the addition of acetic acid. There is a shift in 
the direction of pH change at about 5 minutes when the dilution effect 
begins to overcome the acetic acid addition effect. This experiment 
was repeated to determine if the pH change was reproducible and the 
duplicate experiment is shown in Figure 54. Once again there is a 
quick decrease in the pH until the pH begins to first level and then 
rise after 5 minutes. The overall shape of the curve was similar to the 
previous experiment. The differences that do exist are thought to be 
due to the difference in temperature between the two experiments. It 
has been reported that pH values can differ as much as 0.2 pH units/ O 
C (51. It was desirable to be able to control both the dilution and acid 
addition so that a slow stepwise control of the pH was possible. 
To determine the relative strengths of the two effects, both the 
water and the acid intervals were made equal (10 seconds). As seen in 
Figure 55, the acid addition effect is dominant in the early stages and 
then the dilution effect is dominant in the later stages. Since the 
water addition is the most dominant effect, its interval was reduced to 
5 seconds while the acid addition interval remained at  10 seconds. 
This resulted in a small pH decrease initially (0.5 pH units) followed 
by a stepwise increase in the pH (Figure 56). While this is more 
controlled, it was desired that the dilution effect be further 
minimized. Therefore, the water-saturated gas was mixed with dry 
gas 
Acid on 5 sec 
Off 60 sec 
Dry on 1 5 sec 
Off 40 see 
Temperature D 
Time (minutes) 
- pH 
- Temperature (C)  
Acid on 5 sec 
Off 60 sec 
Water sat'd 15 sec 
Off 40 sec 
Time (minutes) 
Figure 53. Results of pH4EX.P. Dry gas purged replaced with water- 
saturated gas purge. 
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before it entered the cell. This should reduce the water content of 
the gas and thereby reduce the dilution of the drop. The acid interval 
was also increased to 15 seconds while the water-saturated/dry gas 
purge time was kept at 5 seconds. As can be seen from Figure 57, this 
slowed down the dilution of the drop so that there was a stepwise 
decrease in the pH of the drop. The rate of change in pH was -1.84E- 
4 pH units/sec and h a l l y  levels to approximately a zero slope. 
Table 10 compares the slopes for the various experiments 
reported above. The addition of the water-saturated/dry gas allowed 
for the slowest decrease in pH. Also, in almost every experiment 
there was an initial dip in pH that was on the order of -lE-2 pH 
units/sec. These dips are likely due to the very fast incorporation of 
acetic acid into the drop with the first purge. The rate of change for 
pHlEXP is of a similar magnitude where the pH change is due only to 
one continuous acetic acid purge. 
ConcIusions and Recommendations 
From this series of experiments it has been shown that the pH of a 
hanging drop can be controlled with purges of acetic acid saturated 
nitrogen gas coupled with purges of water-saturated and dry nitrogen 
gas. It is recommended that more experiments be carried out to 
determine what effect the oscillations have on protein crystal growth. 
It may be possible that since the oscillations are for short periods of 
time (10 seconds) and small in amplitude (0.1 pH units) they will not 
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Table 10. Comparison of rate of pH change. 
acalculated from initial pH to the pH at which slope first changes direction. 
b~alculated from the last point used in (a) to the pH at the second slope change. 
Walculated from the last point used in (b) to the final pH. 
Third Region 
Rate c 
pH units/sec 
N/A 
N/A 
N/A 
+ 1.333-3 
+ 1.893-3 
+4.353-4 
Not  Measured 
-0 
Second Region 
 ate b 
pH units/sec 
-1.91E-2 
-2.00E-2 
-2.893-4 
+6.80E-4 
+5.203-4 
+ 1.863-3 
Not  Measured 
- 1.843-4 
Experiment 
Title 
pHlEXP 
pH2EXP 
pH3EXP 
pH4EXP 
pH5EXP 
pH6EXP 
pH7EXP 
pH8EXP 
Initial Region 
Rate a 
pH units/sec 
-3.453-2 
N/A 
N/A 
- 1.253-2 
-6.50E-3 
-2.053-2 
-5.04E-3 
-3.6533-3 
interfere with the crystal growth process. Otherwise, it is possible 
that they could be eliminated by very short (1 second) purges of both 
acid and water-saturated gas or with the use of buffered solutions. 
Since acetic acid is only useful in the pH range of 4-6., it may be 
necessary to use other volatile acids and bases to provide more control 
over the pH. The final test of this technique is the growth of crystals 
by pH equilibration and the evaluation of the crystals grown with 
different pH equilibration profiles. 
[I] McPherson, A, Jr.. Preparation and Analysis of Protein Crystals 
(Wiley. New York, 1982). 
[2] Bates, RG.  (1973) Determination of pH, Theory and Practice, 2nd 
Editlon, (Wiley New York,NY). 
[3) Illingworth, J.A. (1981) Biochem. J., 195, 259-262. 
[4] Mikol, V., J.L. Rodeau and R Giege (1989) J. Appl. Cryst., 22, 155- 
161. 
[5] Brezhski, S.P. (1983) Analyst, 108, 425-442. 
CHAPTER VI 
EVAPORATION CONTROL OF SUPERSATURATION 
Introduction 
It is expected that the kinetics of supersaturation, which is 
directly related to solvent evaporation. will affect protein crystal 
growth and nucleation and accordingly determine the quality, number, 
size and morphology of the crystals. Before it was possible to 
dynamically control the supersaturation of a hanging drop with N2@ it 
was necessary to determine the vapor equilibration occurring in a 
traditional hanging drop vapor diffusion crystallization experiment. 
Once this processes was understood it was possible to mimic the 
evaporation with the N2(g) equilibration and then improve upon it 
with the added control provided by the gas equilibration system. 
Materials and Met hods 
Flat Conductance Cell Calibration, The coverslip was calibrated 
with NaCl standards. 20 pL drops were placed onto the electrodes 
and monitoring the response from the conductance meter with the 
computer and with a digital voltmeter. 
Thermal Conductivitv Detect or Calibration. The TCD was 
calibrated by placing drops of deionized water with accurate volumes 
onto a coverslip. The well was sealed with grease. The computer 
program was started and allowed to run until the drop evaporated. 
The peaks from the detector were integrated and the areas were 
summed. Once the drop had evaporated to dryness, the value of the 
summed peak areas was plotted against the volume of the drop. The 
drop volumes used were 5 pL, 10 pL and 20 pL drops. 
Thermocou~le Calibration. The T-type thermal couples were 
calibrated by placing the temperature sensitive junction into the Lauda 
circulating water bath at temperatures ranging from 180 C to 260 C and 
recording the voltage response with the computer. Each reading was 
repeated three times. 
Vanor Euuillbration in Linbro Wells 
For quantification of the evaporation in a Linbro well no biological 
components were used. The conductance coverslip described in 
Chapter 2 was used to monitor the evaporation of 20 pL drop of NaCl 
over a reservoir of twice the NaCl concentration. For evaporation 
measurements, 1.0 mL of a 0.1M NaCl solution was placed into a 
Linbro well. 10 pL of the reservoir solution was placed on the 
electrodes and 10 pL of deionized water was added so that the final 
concentration of the drop was 0.05M NaC1. The coverslip was 
inverted and sealed to the well with Dow Corning vacuum grease. The 
computer program was started and both conductance and temperature 
were monitored until there was no more change in conductance. 
b ~ o r a t i o n  Control 
Initial Conditions, The initial starting conditions for protein and 
salt concentrations were the same as those developed in Chapter 4. 
The protein used is specified and was either Sigma in its purified or 
unpurified form (see Chapter 3). The four conditions used were: (1) 
Purified lysozyme (23.2 mg/mL), pH 4.00. 0.1M citrate buffer, 1% 
NaCl. (2) Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate 
buffer, 0.5 % NaCl. (3) Purified lysozyme (25.9 mg/mL), pH 4.00, 
0.1M acetate buffer, 5% NaCl (4) Unpurified lysozyrne (23.2 mg/mL), 
pH 4.00, 0. l M  acetate buffer 5% NaCl. 
E~aDoratfon - Curves. Different evaporation curves were followed 
and their effect on the crystals was studied. Two different series were 
run. The first was a series of short term evaporation curves (el00 
hours) which are shown in Figure 58. The second set of curves were 
long term evaporation (< 1000 hours) and are shown in Figure 58. 
The desired curve was entered into the program in terms of volume 
------.-..I- 80 Hour 
Time (hours) 
Time 
evaporated over time where volume was in pL and time in seconds. 
The inftial volume of all of the drops were 20 pL where 10 pL came 
from the protein solution and 10 pL was from the salt solution. Since 
the 10 pL dispenser had a precision of 1% (full scale) the initial 
volume of the drops were 20 pL k 0.2 pL. Upon termination of the 
experiment, the coverslips were transferred to an empty Linbro well 
and sealed with grease. The crystals were photographed periodically 
until they ceased to grow. 
Results and Discussion 
Calibration 
Flat Conductance Cell Calibration. The flat conductance cell was 
calibrated with solutions of known NaCl concentrations (Figure 60). 
The calibration response curve was linear at  NaCl concentrations 
below 0.1M and then exponential above 0.1M. A linear relationship 
exists between the conductance response and the square root of 
concentration. This is to be expected since NaCl is a strong 
electrolyte [I]. The calibration relationship was used in the computer 
to convert the voltage response of the conductance meter to NaCl 
concentration. In order to stay within the linear range of the flat 
conductance cell very dilute concentrations of NaCl ( < O.1M) had to 
be used. 
3 4 
CONDUCTANCE M 
CALIBRATION OF TCD 
FLOWz7.5 TEMP=20.5 
10 20 
TIME (HOURS) 
- 
20uL Drop 
10 uL Drop 
5uL Drop 
1 I 
Figure 61. Evaporation to dryness of a 5 pL. 10 pL and 20 pL drop as 
monitored by the TCD. 
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TCD SUM 
Response [V) 
ermal Conductivitv Detector Calibration, Each drop of deionized 
water was evaporated to dryness as shown in Figure 61. The 
integrated sum was plotted against the drop volume and a direct 
relationship was obtained (Figure 62). This relationship was entered 
into the computer program. 
Thermal Couule Calibration, A straight line relationship was 
obtained between the temperature of the water bath and the voltage 
response of the thermal couple (Figure 63). The linear correlation 
coemcient was R2 = 0.998. This relationship was entered into the 
computer program to convert voltage to temperature in degrees 
Celsius. 
Vapor Euuilibration in Linbro Wells 
A few studies have been devoted to understanding the parameters 
which govern the evaporation of water and volatile solution 
components in Linbro wells [2] [3]. However, these studies were done 
on measurements of hanging drops by sacrificing one drop out of a 
series of drops and measuring the change in refractive index, which is 
proportional to the salt concentration within the drop. While this can 
be related back to volume evaporated from the drop. it assumes that 
each drop equilibrates at the same rate. Furthermore, there are more 
sensitive techniques for determining salt concentration than changes 
in refractive index. In fact, the errors involved in the refractive index 
measurement have an uncertainty in estimating the change in volume 
of a 30 pL drop of + 2.0 pL. This means that the refractive index 
procedure is only useful for detecting volume changes greater than 2.0 
pL. A more sensitive technique for determining salt concentration in a 
drop is measuring solution conductivity since the conductance of a 
solution is directly related to the concentration of salt in that solution. 
Another advantage to using the flat conductance cell described in 
Chapter 2 is that it allows the monitoring to be done on a single drop 
so that a dynamic picture of solvent evaporation is obtained. 
By monitoring the conductance of a dilute NaCl drop, the 
evaporation profile of vapor diffusion from the drop to the reservoir 
was determined (Figure 64). From this it was found that the time to 
reach equilibrium was 20 days (Figure 65) and the final volume 
reached was just over one half of the initial drop volume. The shape of 
the evaporation curve was linear for the first 15 days and then curved 
asymptotic to the final drop volume. Since the crystallization 
conditions for lysozyme in NaCl are a t  much higher NaCl 
concentrations (1-5% NaCl) the time required to reach equilibrium 
should be much shorter. However, the shape of the equilibrium curve 
should be similar. In fact, similar experiments using refractive index 
have shown that equilibrium can take anywhere from 24 hours to 25 
days and that the shape and time are determined by the initial solute 
concentrations, the difference in the equilibrium vapor pressure of the 
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[41. 
m~orat ion  Control 
The general shape of the equilibration curve in Linbro wells was 
recognized to be similar to the Michelis-Menton binding curve which 
has the general form 
By adjusting the coefficients n and A, an equation was developed for a 
curve which approached half the drop (10 pL) volume in about 25 
hours. This equation was used to investigate the ability of the 
instrument to control evaporation of a 20 mL drop (Chapter V). Two 
other curves were also developed. One was the inverse of the first 
equation and the third a linear equation. These three equations were 
entered into the computer program and the response of both the TCD 
and the conductance of the drop were monitored. Figure 65 shows 
the detection of moisture in the gas stream by the thermal 
conductivity detector. These curves are in exact agreement with the 
theoretical equations followed by the computer program. During the 
same set of experiments the conductance of the drop was measured at  
5 minute intervals and the result is shown in Figure 66. While the 
T i m e  (minutes)  ' 
TIME (MINI 
shapes of these curves are similar to the theoretical curves there are 
differences which are most likely due to concentration gradients 
within the drop created by localized evaporation of solvent at the 
surface of the drop. 
The first test of the ability of this device to grow crystals was a 
study where the conditions for crystallization of unpurified lysozyme in 
acetate buffer a t  pH 4.7 were used (condition (4)). Two linear curves 
were followed that evaporated 10 pL from a 20 pL drop in 40 hours 
and 80 hours. The results of the crystals obtained with these 
equilibration curves are shown in Tables 1 1  and 12. Not only did the 
controlled evaporation curves yield crystals but  they were of 
comparable size and number to those grown under the same 
conditions as those grown in the Linbro wells (see Table 8, Chapter 4). 
The average number of those grown with the 80 hour (4.4 + 1.4) wasJ 
equal wi- experimental error as those grown with the 40 hour 
(4.57 + 0.98) equilibration. This was also true of the area of the 
crystals in the 80 hour (0.39 k 0.11 mmz) and the 40 hour (0.37 k 
0 .05mm2). These two experiments seem to suggest that  gas 
controlled evaporation is a viable method for growing protein crystals 
and that it does produce crystals that are of the same quality in terms 
of size and number as the crystals grown with the traditional reservoir 
method. However, these experiments were done with the impure 
lysozyme and with acetate buffer which was removed from the drop 
with purges of dry gas. This severely limits the chances of 
Table 11. Results of crystals grown with controlled evaporation 
following the 40 hour evaporation curve. 
I MEAN 1 4.6 + 0.98 1 0.37 + 0.05 1 
a Measured with the procedure shown in Figure 37. 
Average Area 
(mm2) a 
0.33 
0.32 
Linbro WeIl 
C2 
C4 
T 
Number of Crystals 
6 
4 
Table 12. Results of crystals grown with controlled evaporation 
following the 80 hour evaporation curve. 
r ~fnbn, we11 1 Number of Crystals I Average Area I 
I MEAN 4.4 + 1.4 I 0.39 2 0.11 
a Measured with the procedure shown in Figure 37. 
reproducing the exact same conditions for future long term 
experiments. For this reason, the long term experiments were 
carried out using the purified lysozyrne from Sigma and citrate buffer 
in parallel with the conditions that yielded crystals in acetate buffer. 
Lone Term Eva~oration, The long term evaporation experiments 
were carried out on four different sets of conditions and three 
different equilibration curves for each condition. The crystals 
obtained with each curve were compared not only to the other curves 
but also to crystals grown with the hanging drop vapor equilibration 
method and are shown in Figures 67-68 and 71-72. In no case were 
the differences between the crystals large. However, there were 
general improvements seen with the longest curve as  compared to the 
100 hour curve or the traditional'reservoir method with three of the 
four conditions. 
Acetate Buffer. There were two sets of conditions made up in 
acetate buffer. The only difference between the two conditions were 
that in one the lysozyme was purified (Figure 67) and the other the 
lysozyme was unpurified (Figure 68). For the purified lysozyme there 
was a decrease in the number of crystals obtained with each curve (see 
Figure 69). As the equilibration time increased the number of crystals 
decreased. There was also an increase in the average area of the 
crystals with the slower evaporation rates (Figure 70). This trend was 
not seen with the unpurified lysozyme. In fact. the unpurified 
Figure 67. Purified lysozyme (25.9 mg/mL). pH 4.00. 0.lM acetate 
buffer. 5940 NaCl (a) (above) Crystals obtained with hanging drop vapor 
equilibration with a reservoir. Crystals seen after 2 days (b) (lower) 
Crystals obtained with gas evaporation of 10 pL in 100 hours. Crystals 
seen after 3 days. 
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Figure 67. Purified lysozyrne (25.9 mg/mL). pH 4.00. O.lM acetate 
buffer. 5Yo NaCl (c) (above) Crystals obtained with gas equilibration 
curve of 400 hours. Crystals seen after 4 days (d) (lower) Crystals 
obtained with gas evaporation of 10 pL in 800 hours. Crystals seen 
after 9 days. 
159 ORlGlNAL PAGE IS 
OF POOR QUALITY 
Figure 68. Unpurified lysozyme (23.2 mg/mL). pH 4.00. 0.1M acetate 
buffer 5% NaCl. (a) (above) Crystals obtained with hanging drop vapor 
equilibration with a reservoir. Crystals seen after 2 days (b) 
(1ower)Crystals obtained with gas evaporation of 10 pL in 100 hours. 
Crystals seen after 3 days. 
ORIGiS4AL PAGE IS 
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Figure 68. Unpurined lysozyme (23.2 mg/mL). pH 4.00. 0.1M acetate 
buffer 5% NaCl. (c) (above) Crystals obtained with gas equilibration 
cuwe of 400 hours. Crystals seen after 5 days (d) (lower) Crystals 
obtained with gas evaporation of 10 pL in 800 hours. Crystals seen 
after 7 days. 
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lysozyme showed many more crystals with the longer curve than with 
shorter curves. In the case of the impure lysozyme all curves were run 
with aliquots from the same solutions so that this difference should 
not be from different starting conditions. However, it is not known 
what effect the removal of acetate buffer with the purges of gas has on 
the crystals. Also. it is interesting that the larger number of crystals at  
the longer curves is not observed with any of the conditions which use 
purified lysozyme. 
Citrate Buffer. In the case of the purified lysozyme in citrate buffer 
the most striking difference was seen at  the conditions where the salt 
concentration was 0.5% (Figure 71). Traditional reservoir 
crystallization yielded a mass of precipitate that was not crystalline. 
When the curve was slowed to 100 hours there was still precipitant 
but it appeared to be crystalline. With the longer curves needle 
crystals were obtained and reached a significant size with the 800 
hour equilibration. The appearance of the crystals with the 1% NaCl 
in citrate buffer (Figure 72) also improved with the longer 
equilibration time. The crystals changed from crystal masses in the 
100 hour to separate crystals with well defined edges in the 800 hour 
equilibration. This difference is encouraging and seems to indicate 
that in this case slower equilibration is better. 
Crvstal Growth Time, Table 13 compares the number of days 
before crystals were observed at each condition for the four curves 
Figure 71. Purified lysozyme (23.2 mg/mL). pH 4.00. 0.1M citrate 
buffer. 0.5 O h  NaC1. (a) (above) Crystals obtained with hanging drop 
vapor equilibration with a reservoir. Crystals seen after 4 days (b) 
(lower) Crystals obtained with gas evaporation of 10 pL in 100 hours. 
Crystals seen after 3 days. 
Figure 71. Purified lysozyme (23.2 mg/mL). pH 4.00. O.1M citrate 
buffer. 0.5 W NaC1. (c) (above) Crystals obtained with gas equilibration 
curve of 400 hours. Crystals seen after 5 days (d) (lower) Crystals 
obtained with gas evaporation of 10 pL in 800 hours. Crystals seen 
after 10  days. 
ORIGINAL PAGE -IS 
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Figure 72. Purified lysozyme (23.2 mg/mL). pH 4.00. 0.1M citrate 
buffer. 1% NaC1. (a) (above) Crystals obtained with hanging drop vapor 
equilibration with a reservoir. Crystals seen after 4 days @) (lower) 
Crystals obtained with gas evaporation of 10 pL in 100 hours. Crystals 
seen after 3 days. 
OF::C;!?'JAL PAGE 167 C;tr POOR QUALI' 
Figure 72. Purified lysozyrne (23.2 mg/mL). pH 4.00, 0 .1M citrate 
buffer. 1% NaC1. (c) (above) Crystals obtained with gas equilibration 
curve of 400 hours. Crystals seen after 5 days (d) (lower) Crystals 
obtained with gas evaporation of 10 pL in 800 hours. Crystals seen 
after 11 days. 
Table 13. Number of days before crystals were observed in drops. 
(1) Purified lysozyme (23.2 mg/mL), pH 4.00, 0.1M citrate buffer, 1% 
NaC1. (2) Purified lysozyrne (23.2 mg/mL). pH 4.00, 0.1M citrate 
buffer, 0.5 % NaCl. (3) Purifled lysozyme (25.9 mg/mL), pH 4.00, 
0.1M acetate buffer, 5% NaCl (4) Unpurified lysozyrne (23.2 mg/mL), 
pH 4.00. 0.lM acetate buffer 5% NaC1. 
Table 14. Volume evaporated in microliters before crystals were 
observed. 
(1) Purified lysozyme (23.2 mg/mL), pH 4.00, 0. lM citrate buffer, 1% 
NaC1. (2) Purified lysozyrne (23.2 mg/mL), pH 4.00, 0.1M citrate 
buffer, 0.5 % NaCI. (3) Purified lysozyme (25.9 mg/mL), pH 4.00, 
0.1M acetate buffer, 5% NaCl (4) Unpurified lysozyrne (23.2 mg/mL), 
pH 4.00. 0. lM acetate buffer 5% NaCl. 
CONDITION LINBRO 100 HOUR 400 HOUR 800 HOUR 
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? 
3 
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6.4 
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3.0 
3.0 
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3.0 
2.7 
2.0 
studied. The drops were studied once a day to see if crystals were 
present. The longer the equilibration curve the longer it took to 
achieve crystals. Only with the 800 hour curve was there a difference 
in the number of days required to acheive crystal growth with the four 
different condtions. Table 14 shows the volume evaporated before 
crystals were observed. Crystals were not obtained at the same 
volume. or supersaturation level, for a single set of conditions and the 
four curves. Nor did they grow within the same length of time. This 
suggests that crystal growth is not induced a t  a particular level of 
supersaturation or at  a particular length of time. The shorter curves 
required that more solvent be evaporated to force crystal growth 
within a short time period. The longer curves needed less solvent 
evaporated but the first crystals weren't seen for many days. The fact 
that there is an improvement in the appearance of the crystals with 
the longer curves indicates that if nucleation is delayed by evaporating 
less solvent the chances that a protein molecule can add to the lattice 
in the best orientation is increased resulting in a more ordered crystal 
which can continue growth to a larger terminal size. 
N o  Eva~oration. In the case of hen egg white lysozyrne evaporation is 
necessary to achieve crystal growth. This was determined by placing a 
drop containing lysozyme and NaCl on a coverslip and sealing it over 
an empty Linbro well. The conditions used were those that had 
yielded crystals with reservoir evaporation. After 3 days the drop 
contained amorphous precipitate. The main advantage of evaporation 
is that it helps to bring the solution to supersaturation, forcing the 
protein out of solution hopefully as a crystalline solid. 
@nclusions and Recommendations 
The device described in Chapter 2 is able to control the relative 
humidity in the crystallization chamber and thus the transport of 
water to or from the drop. Using this, several evaporation curves were 
used to investigate the role of evaporation in protein crystal growth. 
Difference in the crystals were apparent with the different evaporation 
curves. At three of the four conditions for lysozyrne crystal growth 
longer evaporation curves yielded better crystals. The only set of 
conditions which yielded worse crystals was that using the unpurified 
lysozyme. The time required to see a change in the appearance of the 
crystals was much longer than expected. The number of curves 
studied so far represent only a small fraction of the ones now available 
with the gas equilibration device. Additional curves need to be studied 
to determine the best evaporation profile for lysozyme. Once 
determined it is hoped that the information gained can be applied to 
many proteins to increase the chances that a protein can be 
crystallized and its three dimensional structure determined. 
One of the main advantages of this technique is the ability to 
decouple the nucleation conditions from the growth conditions. In 
most circumstances the crystallization drop contains substances that 
lower the equilibrium vapor pressure around the drop. Thus, it is 
possible to purge the volume around the drop wfth nitrogen in vapor 
equilibrium with pure water and cause an increase in the volume of 
the drop. This possibility opens several avenues for crystallization that 
are not frequently used in the more conventional methods. Proteins 
that are less soluble in low salt solutions can be brought to 
supersaturation by diluting the drop through occasional purges of the 
chamber with "wet" nitrogen. In many cases it would be desirable to 
detect the onset of nucleation and respond by slowing or reversing the 
evaporation rate to maintain or achieve conditions for optimal crystal 
growth. Coupling of this device with a nucleation detection system. 
such as  laser light scattering. would provide feedback to the computer 
and allow the evaporation profile to be altered after nucleation. 
Finally. recent interest in the growth of crystals under the 
microgravity conditions of the U.S. Space Shuttle has resulted in the 
development of this device which provides for control of some of the 
crystallization parameters. This device is more suitable for automation 
than the traditional techniques. Automation is desirable for the Space 
Shuttle experiments and for the U.S. Space Station to minimize crew 
interaction time, provide a common procedure for a wide variety of 
crystallization experiments, miniaturize the apparatus and compensate 
for short duration flight opportunities. The principles described in 
this thesis can easily be incorporated into flight hardware. 
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APPENDIX 1A 
Wnductance Monitoriw with a Micro Conductance Cell. 
A miniature conductance cell was designed and blown out of pyrex 
glass tubing (Figure 73). Two 20 gauge platinum electrodes were 
embedded into the glass. The electrodes were first platinized with 
3% chloroplatinic acid. The total volume required for a conductance 
t 
Out 
Mgwe 73. Micro-conductance cell. 
reading was 5 pL. The cell could be rinsed with deionized water. 
followed by an acetone rinse and blown dry with a dust free air blower 
in about 1 minute and 30 seconds. The cell was calibrated with NaCl 
solutions of known concentration. I t  gave a linear response in the 
range of concentrations from .25M to 1.5M (Flgure 74). The cell had a 
precision of < 1% in the middle concentration ranges. It was useful 
for calculating salt concentrations. The cell was susceptible to drafts 
in the room since it was not temperature controlled. Also, its main 
disadvantage was that it required removal of 5 pL from a crystallization 
solution, thereby, interfering with the growth process. 
Figure 74. Calibration response curve of the micro-conductance cell. 
NaCl solutions made up in 0.10M Na acetate buffer, pH 4.00. 
APPENDIX 1B 
Periodic Refractive Index Measurement 
The refractive index of a solution varies proportionally to the salt 
concentration. Measurement of the refractive index of a drop requires 
no dilution since only a small volume (1-5 pL) is required. An Erma 
Figure 75. Calibration response of refractive index vs. NaCl 
concentration at 200 C. 
New Abbe refractometer (Erma Optical Works, LTD) was used for the 
measurements according to the manufacturer's recommendations a t  
20.0 OC. A calibration response cunre was prepared for two commonly 
used salts in crystallization, NaCl and (NH4)2S04. These curves are 
shown in Figure 75 and Figure 76 respectively. The main 
disadvantages of refractive index measurements is that it destroys the 
sample and that its error is high. 
Figure 76. Calibration response of refractive index vs. (NH4)2S04 
concentration at  200 C. 
APPENDIX 1C 
Gravimetric h a k s i g  of D ~ O D  Volumes 
To determine the volume of a drop of deionized water, the drop 
was absorbed by a slice of very absorbant glass microfibre filters 
(Whatman. 2.0 cm) and placed into a plastic 250 pL centrifuge tube. 
The entire assembly was preweighed and its mass was usually around 
0.3 g. The volume of the drop was determined by difference. To 
determine the limit of detection of this method, five blanks were 
measured by preparing the assemblies and weighing twice without 
absorbing up a drop. The results are shown in Table 15. If a 90% 
Table 15. Determination of the Limit of Detection of the Gravimetric 
Method. 
confidence level is desired then 20 ,  where 0 was found to be 0.6 pL, 
gives a detection limit of 1.2 pL. Or in other words, this technique can 
only detect a volume difference of 1.2 pL. 
Next, this technique was used to measure a 10 pL drop six times. 
The data is shown in Table 16. The mean drop volume was found to 
be 10.0 + 0.3 pL. Therefore, this technique would be useful in 
measuring the drop volumes of water droplets. I t  could be used to 
quantify evaporation curves, however it does destroy the drop. I t  
would not be useful for closed loop control experiments. 
Table 16. Repetitive Gravimetric Measurement of a 10 pL Drop. 
APPENDIX 1D 
Chloride Ion Selective Electrode 
A chloride ion-selective electrode (Orion Research. Model 96178, 
Combination) was used to follow changes in the concentration of the 
chloride ion. Since the conditions for crystallization of hen egg-white 
lysozyme require NaCl as a precipitating agent it was thought that the 
Figure 77. Calibration curve of chloride ion selective electrode. 
181 
volume change of the drop would be proportional to the change in C1' 
concentration. The electrode was 'calibrated with drops of known 
NaCl concentration. 10 pL of the standard solution was diluted to 5 
mL of water to reach the required volume for measurement. 100 pL of 
ISA was added to adjust the ionic strength. The total volume being 
measured was 5.11 mL. The log of the mV response of the Orion 
Ionanalyzer was found to be linear to the concentration as  is shown in 
Figure 77. 
. 
The major drawback to this measurement technique is the fact 
that it only works with solutions that have the C1- ion in them. It also 
requires several dilutions before measurement, which introduces 
error. It  does destroy the sample so that it is only useful for 
quantifying the evaporation curves and not for measurement while 
growing crystals. 
APPENDIX 2 
APPENDIX 
Appendix 2A 
Appendix 2B 
Appendix 2C 
TITLE 
Computer Automated 
Crystallfiation 
Appratus. 
Humidity Reader 
Conductance Reader 
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APPENDIX 3 
Silanization of - Microscoee Coverslips 
1). Sonicate coverslips in aqueous soap solution for 1 hour and 
r inse 
with deionized water. 
rn 
2). Dry in oven at 600C overnight. 
3). Dip each coverslip into a solution of 75 mL toluene and 3 mL of 
1 , I  ,1,3,3,3 hexamethyldisilane. 
4). Cover with a dust free cloth and set out to air dry. 
5). Rinse with deionized water. 
6). Oven dry at 600C overnight. 
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